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A Quantum-Mechanical Consideration of Chemical Reaction Rates 


By Iwao YASUMORI and Kenji FUEKI 


(Received March 22, 1955) 


Introduction 


As is well known, the statistical-mechanical 
theory of reaction rates (the absolute reaction 
rate theory or the ARR theory)” is very 
useful for the evaluation of reaction rates. 
However, apart from the knowledge of in- 
teraction potential of the reacting system, 
the theory also includes some imperfect points 
which have been often the subjects of dis- 
cussion. These points are as follows: First, 
the motion of a mass point representing the 
reacting system along the reaction path is 
treated classical-mechanically and the concept 
of the “‘ activated complex” is used even if 
its existence is doubtful. Second, the thermal 
equilibrium between the initial and activated 
states, or more rigorously, the reacting system 
in equilibrium is postulated. As a correction 
for these simplifications, the transmission co- 
efficient « is introduced, but its value cannot 
be determined from the theory itself. 

The equilibrium postulate and then the 
statistical-mechanical property of « must be 
discussed from the standpoint of non-equili- 
brium theory.and several researches have been 
done previously”, while the stability of the 
complex and the classical approximation of 
the motion are to be considered on the basis 
of quantum theory, so that the quantum- 
mechanical property of « may be given. 

In principle, the problem of the usual 
chemical reaction involving an activation 
energy can be treated as the quantum-mech- 
anical transmission of a mass point repre- 
senting the reacting system through an 
energy barrier occurring in the mutual pot 
ential field of the system*~. 


1) See, for example, S. Glasstone, K.J. Laidler and 
H. Eyring, ‘‘ The Theory of Rate Processes’’, McGraw- 
Hill Book Co. Inc., New York, 1941, Chap. IV p. 184. 
The more rigorous discussion has been given by J. 
Horiuti, This Bulletin, 13, 210 (1938). 

2) B.J. Zwolinski and H. Eyring, J. Am. Chem. Soc., 
69, 2702 (1947); I. Prigogine, J. phys. & Colloid. Chem., 
55, 765 (1951). 

3) E. Wigner, Z. physik. Chem., B 19, 203 (1932). 

4) R.P. Bell, Proc. Roy. Soc., A 139, 466 (1933). 

5) For example, J.O. Hirschfelder and E. Wigner, /. 
Chem. Phys., 7, 616 (1939). 

6) E. Bauer and Ta-You Wu, J. Chem. Phys., 21, 726 
(1953). 

7) F.A. Matsen, J. Chem. Phys., 22, 165 (1954). 

8) Also see, H. Eyring, J. Walter and G.E. Kimball, 
** Quantum Chemistry ’”’, John Wiley and Sons, Inc., New 
York, 1949, Chap. XVI p. 299. 


Though this procedure has the great adv- 
antage of getting a rate equation without 
the concepts as stated above and of giving 
the definite probabilities of transitions from 
the initial to the final states, it has been 
applied only for one-dimensional problems 
except in a few works”. 

To examine, therefore, the validity of the 
ARR theory, it will be necessary to compare 
the ARR equation with the equation derived 
by this procedure for the same potential bar- 
rier which is like an actual one. 

In this paper a rate equation will be de- 
rived by use of the more natural potential 
form than those used by others and some 
theoretical considerations about the quantum- 
mechanical property of the transmission coef- 
ficient and the validity of the ARR theory 
will be made on the basis of this equation. 

Transmission through a Simplified Two- 
dimensional Potential Energy Barrier. 

In this section we treat, as a typical example, 
the reaction between an atom A and a mol- 
ecule BC in a linear configuration which in- 
volves an activation energy. Since there is 
scarcely any reaction for which the precise 
feature of the potential energy surface is 
known, we may assume a simple ‘form of 
potential barrier from two plausible restric- 
tions as follows: 

a) When an atom A approaches to a 
molecule BC on a straight line (Fig. 1), the 
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Fig. 1. Coordinate system. 


minimum of the potential energy is obtained 
where the interatomic distance of BC is equal 
to its equilibrium value”. 

b) In the vicinity of the barrier the vibra- 
tional potential differs slightly from the in- 
itial one of the molecule BC. 

On these bases and by taking the coord- 
inate system 7” and p defined by 

9) In this case, therefore, the reacticn path has no 

curvatures which cause the transfer of energy between 

several degrees of freedom. Reactions with such a 

straight reaction path near the barrier are known from 


the calculations by the semi-empirical method. See, for 
example, Ref. 1), Chap. V p. 202. 
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—*+%=7aBt+(mc/(m3+ Mc ))/BC (1) 
and P+ pu=Ysc, (2) 
respectively, where 7% and py are the coord- 
inates of the top of the barrier (the activated 
state), we assume the following simple two- 
dimensional potential surface as shown in 
Fig. 2 and its analytical expression to be 








Fig. 2. Potential energy barrier. 


Vir, p)=VAr)+(ao—aVr))p”, (3) 
where a andaareconstants. Then, aV(r)p’ 
is the deviation from the vibrational potential 
ap’ which corresponds to that of the mol- 
ecule BC, and vanishes as ry becomes inde- 
finitely large’. 

Separating the equation for the motion of 
the center of mass, the wave equation of the 
system is expressed by 


ii mie x a sy? az: Pua, Ri #) 
=E¢:X(X, Y, Z) (4) 
and 
a ae 
L 87? orf 8x?m 3p” J 
xX Wir, p)=Ei- Wy, p), (5) 


where M is the sum of ma, mp and mc, 
masses of each atom, m and yw are the re- 
duced masses, 


m=mMpmMc/(MB+ Mc) 
and p=ma(mp+mc)/M, (6) 


respectively, X, Y and Z are the coordinates 
of the center of mass of the system, Ec and 
E; are the energies of the translational mo- 
tion of the whole system and of the internal 
motion of the system, respectively. 


Eq. (4) can be solved immediately under 
some boundary conditions. To solve Eq. (5), 


10) Since rap is always larger than zero, a potential 
of this type becomes inadequate at r>-0. But such an 
approximation as this is necessary to simplify the form 
of the solution of Eq. (5) at r<0. 
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one expands Wy, p) in the following form 
Wir, p)=S nWn' p)- Fi’7) (7) 


where yp) is the m-th normalized eigenfunc- 
tion for the harmonic oscillator and satisfies 
the following equation 


i. = a’ 
822m dp? 


Substituting Eq. (7) in Eq. (5) and multiply- 
ing both sides of Eq. (5) by the complex 
conjugate of W,'p), Wr*(p), and integrating 
over p, one obtains 


[ hh? a 7 
+E.—VAr\(1—ap?,,) | Fal’) 
87? a t P E paias 


+ dy? Wn! P)=Enwn'P). (8) 


= —aVAr)| Pi n-2F n-A1)+ Pn nz ne2(7) (9) 


n=0, SF eceene ’ 
where E,=Ei—En (10) 
and Pin = \" Ye*(p)p’yrp)dp. (11) 


This set of simultaneous differential equa- 
tions can not be solved rigorously. However, 


if api, (k=n, l=n, n2) is sufficiently small 


compared with unity'”, we may take, as zero- 
order approximation, the right-hand side of 
Eq. (9) to be zero. Then it is separated into 
the uncoupled equations and is expressed by 
the single term functions, y,(p)Fn(7), i.e., 


h? ad? 


+E;— Ar) AL— 2.) ‘rv)=0, (12 
Brn dr +E.—VAr\(1—ap ) |Faly 12) 


Since the above equations are those for 
one-dimensional problems in which the pot- 


entials are given by V,(v)(1—ap,,), if an an- 
alytical V,(v) with the shape like that shown 
in Fig. 2 is adopted, we can get its solution. 
As a form of V,(7), for example, we may 
take the Eckart potential, 
V,(r)=E./cosh*(zr/1). (13) 
Then Eq. (12) can be solved by the manner 
quite analogous to Eckart’s original work'” 
and the approximate solutions of Eq. (5) are 
derived as follows: 


Wr, p)=Wn'p)-Fr(v), n=0,1, 2, ---- (14) 
Bo 
Wr! p)=NnAn VB pie 2 P ’ (15) 
, ae wa, 2 
where 6 =(2ma,)'/”, and 
2rn 
11 This condition also means that @V,(r) is much 


smaller than ao. 


12) C. Eckart, Phys. Rev., 35, 1303 (1930). Also 
see Ref. 8). 








A ff = = eM 


irk ie 2 ae | 6 
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F (7) =4,F n\(’)+@eF ni(r) 
=a,(—F)'enF{1/2+i5n, —1/2—itn, 
1+2ian, ©/(F—1)} (16) 


+ a2 —#/(1—F)?) “en F{1/2+i2n—2ian, 
—1/2—i-n—2iadn, 1—2ian, &/(E—1)}, 


= 2 


where JN, is the normalizing factor for the 
n-th eigenfunction for Eq. (8) and AH, ‘g-p) 
is the Hermite polynomial of the m-th order 
and F(v) is the hypergeometric function, in 
which £ is a variable, £=—exp (2zr/1) and 


Qn=1/2(E-/C)', (17) 
én=[E(1—api,)/C—1/4]'”, (18) 
C=h?/8p!?. (19) 


At r=—©, Fya,(v) and F,.(v) correspond to 
an incident and reflected waves of unit am- 
plitude respectively and the ratio of their 
coefficients a@2/a, is determined uniquely by 
giving the condition that a transmitted wave 
only exists at r=+oo (Appendix I). Con- 
sequently, the transmission coefficient Ky» is 
given by 


ae cosh (4za@,,)—1 


Knn=1— = ‘ 
st a, cosh (4za,)+cosh (27%n) (99) 


since 4, is real in this case. Further, when 
@, and é¢, are much larger than zero, one 
may take 


Knn~exp (470t,)/[exp (4270¢n) +exp (27° )] (21) 


as an approximate formula. 

Eq. (20) for «nn gives immediately its de- 
pendence on the relative momentum along the 
reaction path, p-=(2uE;)'” and this has been 
discussed by Bell® previously. 

Here we confine ourselves to its dependence 
on the vibrational potential. Differentiating 
Knn With respect to a, one can easily find 

Ske» _ 27Ecp,2, sinh? met,) sinh (275,) 
~ 0a  dnC{cosh (4z7a@¢,)+cosh (275,)P 
(22) 


This means that «nn increases or decreases 
according as the curvature of the vibrational 
potential at the barrier becomes smaller or 
larger. Also this property of «n, corresponds 
to the dependence of the reaction rate on 
the variation of the zero-point vibrational 
energy of the “activated complex” in the 
ARR theory (Fig. 3). 

This relationship will be elucidated after 
we shall have formulated the rate equation 


based on Knn. If ape, is not so small as 


assumed above, not only the transitions be- 
tween the initial and final states with the 
same vibrational quantum number, but also 
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Fig. 3. Energy levels on potential surface. 
the transitions between the states which differ 
by two quantum number become appreciable. 
A modified treatment for this case is shown 
in Appendix I. 

Rate Equation on the Basis of the Trans- 
mission Coefficient and its Comparison with 
the ARR Equation for the Reaction H+H.— 
H,+H 

To obtain a rate equation, it is necessary 
to sum over the transmission of all the 
systems weighted by the energy distribution. 
Now, let N(pe, ~;, ”) be the number of the 
systems which exist in the volume element 
dR=dX-dY-dZ and in the width dr of the 
initial region far from the barrier, with the 
momentum of the center of mass po~pc+dpe, 
the relative momentum along the reaction 
path ~,~4,+-dp, and the vibrational quantum 
number 2. 

N(pc, pr, n)=No(pa, pr, n) docdR ; _. 
h' h 

(23) 
where N,(pc, f,, 2) is the density whose ex- 
pression in thermal equilibrium is given by 
Appendix II Eq. (A, 13). The number of the 
systems moving towards the barrier in unit 
time is Nf,/ydr; moreover, only a fraction 
Kn= > ‘kny Of them reacts and attains to the 

j 


final states 7. Accordingly, the reaction 


velocity v can be written as follows: 


. 1 (((cy.4 
v=k(A)(BC)= he \\\S2S2 us 


xNi(pc, pr, 2) br -dp,dpcdR, (24) 
ph 


where (A) and (BC) are the concentrations 
of the atom A and the molecule BC respec- 
tively, and kis the rate constant. Assuming 
the initial systems in thermal equilibrium’, 
and using the approximate formula of Knn 
shown in Eq. (21), one can obtain the rate 
constant 


13 The consideration about the statistical-mechanical 
property of «is not given here. However the ron-equili- 


brium effect is expected to be small. (See Ref. 2). 
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nf XY 1- QS ’ 
h Fa-Fxc _ nm io 


P\ 2kT / n m1 


(—1)?) 1, 2 \ 
- |EXp —IJn/) 


lie ane - 
\(C/4r?RT )”- Lela) > fe 
= pm ) 


where 


d 2m) 
dx 2m) 


Lom Xn) = —| exp (x?) 


ae ee te 1 \ 
Ya=—*n4 n-+- ih 


kT \ 2 
Derivation of Eq. (25) is shown in Appendix 
II. In the equation (25), fir. is the parti- 


tion function per unit volume for the transla- 
tional motion of the whole system and also 
of the “activated complex’’ and F',4 and Fc 
are the partition functions per unit volume 
of the atom A and the molecule BC defined 
by the usual manner of the rate theory ex- 
cluding only the term for the rotational mo- 


tion”. vy) and vy are the vibrational frequ- 


encies deduced from the relations 
Q)=27?mv,, and ady—aV,(0)=27?2mvt? (29), (30) 


respectively. , 

The rate constant Eq. (25) formally reduces 
to that of the ARR theory in the case where 
C/4x*kT approaches to zero; that is, in the 
reaction involving heavy particles and a broad 
potential barrier at high temperatures, i.e., 


~< ge: see (- hve \\_, 
oo Pal ON 


q Lf 1 1 ] ‘ 
xexp! —.7,.( E. hva— hv»). (31 
wes Fo 

It should be noted, however, that the term 
corresponding to the vibrational partition 
function of the “activated complex” in the 


ARR theory includes the average frequency 


Va=(v2+v%?)/2v9 instead of vy. Here it is in- 


teresting to estimate the degree of deviation 
of the ARR theory from the equation derived 
above. Since the ARR equation for the same 
reaction between an atom A and a molecule 
BC of linear configuration, is given by Eq. 


(31), if vy is adopted instead of va, i.e., 
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7 ae a ee 
a pe en 


x exp [ - a (E+ 1 wt- 1 vo) | (32) 


lL \ _» 


the ratio of ka to k is easily given by Eqs. 
(25) and (32). As an example, we have cal- 
culated this deviation for the reaction H+H, 

>H.+H for which the largest quantum effect 
may be expected. The results are shown in 
Table I. In the table, (Rka/k), are the values 


TABLE I 
RATIO OF CALCULATED RATES FOR THE 
REACTION 
H+H.».—H2+H 
Temp. °K = 300 500 
(kak), 0.974 1.029 
(kAjk)2 0.193 0.574 


1000 
1.030 
0. 873 


2000 
1.022 
0.971 


for the measure of width of the barrier 
1=3.65 A, for which the curvature along the 
reaction path at the top of the barrier is 
equal to that obtained by the semi-empirical 
calculation'”, and (ka/k)2 are the values for 


7=1.15 A. For other constants, Avyp=12.56, hvy 


=10.36 and E,.=7.63 kcal./mol. are adopted 
in both calculations. The differences between 
both results are not very large except in 
the cases of small J] at low temperatures. 


Discussion 


It seems that the result of comparison in 
the previous section leads to the conclusion 
that the ARR theory gives a fairly good ap- 
proximation for usual chemical reaction rates 
at high temperatures. However, since our 
equation has been derived on several approxi- 
mations and restrictions, it is necessary to 
examine them to confirm the conclusion. One 
of the approximations is that the Eckart type 
potential barrier which is perhaps steeper 
than the actual one near the top has been 
used. Therefore, we have calculated the 
rates for the two potentials with different /, 
so that the actual case may be between them. 
Though the results depend strongly on the 
choice of 7 at low temperatures, as the tem- 
perature rises, both results come to be in 
accord with each other and this fact suggests 
the behavior in the actual potential. The 
potential of this type seems to be the most 
precise form that can be used at present. 
Another approximation we have made is the 
use of the single term wave function valid 


when ap;, is very small. Since ap,;,, for in- 


14) J.O. Hirschfelder, H. Eyring and B. Topley, J. 
Chem. Phys., 4, 170 (1936). 





(32) 
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stance, is expressed as ap, =h(v2—vy \(n 
+1/2)/2E.vo, it increases with m, so that the 
condition 1>ap,, loses its validity for certain 


large mw and, then, the cross transitions be- 
tween the states with m and u+2 become 
appreciable. For this case, the method of 
distorted waves is applied and the equation 
for the transmission coefficient «x, including 
cross transitions is derived. The details are 
shown in Appendix I. But it is quite lab- 
orious to obtain the numerical value of Kk, 
because of the complicated functions F, and 
Frnt However, in the case of usual reac- 
tions involving the molecule of low vibra- 
tional frequency, it may safely be said that 


the condition, E.>hvyp>h(v)—v;), holds. Then 


the rate constant Eq. (25), except at very 
high temperatures, will converge rapidly for 
the summation over u with the restriction 


1>apj1, since the concentrations of the re- 


acting system of high energies decrease 
tapidly because of the Boltzmann factor. On 
the other hand, it is easily found from the 


properties of the matrix elements p;, that 


the set of equations (9) can be divided into 


two groups according as the vibrational . 


quantum number m is even or odd. So, in 
the case of hydrogen atom-molecule reaction, 
if we put the restriction on energy, FEy..2> Ki, 
Y(p)Fi(v7) and y,(p)Fi(7) will become good 
approximations for yiv,p), since Ey-2>E-.+ 


1/2-hv= and hvy>kT are satisfied. In this 


case the summation in Eq. (25) is taken for 
n=0,1 and a correction term, —exp(—Ey.-2/ 
kT), is added inside the summation, assum- 
ing k,=1 for the systems with EFi=Ey->. 

By the way, it is easily shown that Eq. 
(25) for the rate constant includes Wigner’s 
equation with a quantum correction*, as a 
special case. Expanding the potential, V,(7), 
Eq. (3), in power series of ” and neglecting 
the higher terms than 7’, one obtains 

V(r) =E(1—(zxr/1)*) (33) 
and by use of this potential the vibrational 
frequency vy; along the reaction path, 


1 (@VAn\ __ E. 
4p \ dr ) si, (34) 


y= = 
pe? 

In Eq. (25), if one takes the term m=1 
only, the rate constant, 


prt Stee exp hme fa) 


h Fa-Fec '\ 2kT /_ "24 
' h . E. 1. \]. i 
*\ RT ) 2 pl? (1-Tn J exp( Yn) (35) 
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is obtained, where 


roa {h( MOP Vm 5 )+ + RAY, 


(36) 
Then, in the case where the conditions 


1>7, and va~vt 


hold, the above equation (35) reduces to the 
ARR equation with a correction term 1/24- 
(hv;/kT)*, that is, Wigner’s equation. Also our 
results are similar to those obtained by Hir- 
schfelder and Wigner’ in several points, for 
example, the dependence of the transmission 
coefficient « on the relative translational 
energy or on the vibrational potential. Their 
result for the persistence of the vibrational 
quantum number in the reaction, even if the 
difference between frequencies of the initial 
and final states is not small, suggests that 
the contribution of the cross transitions to « 
is not so large in our case. However because 
of their potential form, as well as Matsen’s”, 
with the abrupt change of height or of vibra- 
tional potential, the obtained « is essentially 
of oscillating character with the relative mo- 
mentum #,, while in our case, it has not such 


a property as long as the condition 1>ap,, 


holds. 

All the considerations above have been 
done on the basis of the two-dimensional 
case. It is quite difficult to assume the be- 
havior of reaction in the many-dimensional 
case concerning several vibrational and rota- 
tional motions from the results in the pre- 
sent case. 

But when the barrier is sufficiently broad 
and flat, it is expected that one may con- 
veniently suppose the energy levels of the 
“activated complex”, for example, the vib- 
rational levels of frequency va or more roughly 


of vt, (Eqs. (29) and (30)), which have width 


occurring from the short lifetime of the com- 
plex. If the level spacings are larger than 
their width, it will be possible to describe 
the state of the “activated complex” by the 
quantized partition function for these levels. 
This approximation with an appropriate cor- 
rection for the average transmission coefficient 
is still available as far as the levels retain 
their individualities. On the contrary, when 
the level spacing and the level width are 
comparable in their magnitude for several 
motions of the complex, for example, the 
lower energy states of rotational motions, 
such a simple approximation can not be ad- 
opted. As a step towards the many-dimen- 
sional case correlating to the above problem, 
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the physical scattering of atoms from diatomic 
molecules has been investigated only by Zener 
and others’, because of mathematical dif- 
ficulty. It will, therefore, be necessary for 
more researches in this realm to be accumu- 
lated to elucidate the nature of chemical re- 
actions completely. 


Summary 


The transmission coefficient for the sim- 
plified two-dimensional potential barrier has 
been obtained and its property depending on 
the curvatures of the barrier and other 
factors has been discussed. On the basis of 
this coefficient a quantum-mechanical rate 
equation has been formulated, the limiting 
forms of which formally reduce to the ARR 
equation and to Wigner’s equation including 
a quantum correction. Then the rate con- 
stants given by the equations in the present 
and the ARR theory have been compared for 
the reaction H-++H.—H.-+H. 

It has been found, from the above results, 
that the classical approximations in the ARR 
theory are generally valid except the reac- 
tions involving light particles and a thin 
barrier at low temperatures. 


The authors wish to express their hearty 
thanks to Professor $. Shida for his kind 
encouragement. 

This investigation was supported by a 
grant in aid for fundamental scientific re- 
search. 


Appendix I 
Formulation of a Modified Transmission 
Coefficient by the Method of Distorted 
Waves 


To solve the coupled equations (9), we have 
taken the right-hand side of them to be zero as 
zero-order approximation. A further improve- 
ment can be made by solving the equations which 


include the solutions F},,,(*), obtained from the 


zero-order approximate equations (12), in their 
right-hand side. The general solution of such a 
heterogeneous differential equation is easily writ- 
ten as follows'® : 
oy 
FiAl(r)=F YX r)+ F ns) 


+~ 


Fairy Wr j)dr+F nx (07) 


; |  Faal ryWrdr, 


r 


(A, 1) 


where 


, 822 naV+(i") - 9 “ ) u 
Wir) —* Onn »F n—2 (1) Oy neh ove (0) )s 


(A, 2) 








15) C. Zener, Phys. Rev., 37, 556 (1931); C.F. Curtiss 
and F.T. Adler,J. Chem. Phys., 20, 249 (1952). 

16) See, for example, N.F. Mott and H.S.W. Massey, 
**The Theory of Atomic Collisions’’, Oxford: Clarendon 
Press, 1949, p. 106. 

















and Kenji FUEKI [Vol. 29, No. 1 





considering its property at two boundaries, r+ oo. 
In Eq. (A,1), Fao(r) and Fy3() are taken as two 
independent solutions of the homogeneous equa- 
tion (12) and 


Fu(r)=9F y(r), (A, 3) 
where F'}(i) is also the solution of the same equa- 
tion and is given by Eq. (16), i.e., 


7 , a 7 
F n(n") =F yi (1) 4 2 Ff ni"). 
a; 


(A, 1) 


The coefficient g is determined from the condi- 
tion 


Flr) dF no r) 
n3 


F'n2(7) 
dr 


dF n3(v) =i (A, 5) 
dr 


t) 


Since Fxi(7) and Flr) approach to exp(2zir;A) 
and exp(—2zir/A) respectively, as r——0o, then 
(A, 6), (A, 7) 
is obtained. Substituting Eqs. (A,3) and (A,6) in 
Eq. (A,1) and considering the asymptotic form of 
Filv) as x = , the modified transmission coef- 
ficient xn is derived as follows: 


g=—A/4ri, where A=h/(2nEz)'2, 


+2 2 
kn=1 “ig +( J Fat) Wondr (A, 8) 


ay wi / 
Introducing the detailed expression of Wir), 
Eq. (A.2), the integral in Eq. (A, 8) is written as 


a , 
\ F,,(7)W (r)dr 


8r2auE, ' » 


» ! 
he on? + Pn» ns2l2 , 


(A, 9) 
where 


#20 
I, a) Fy(r)cosh—( zr) Fy,» (r)dr (A, 10) 


and 
— +n _ + 
I2= 7 F,(r)cosh(zr/l)F/yyo.(r)dr. (A, 11) 


The analytical expressions for F'%,, (i) are 
given by the equations analogous to Eq. (A, 4) 


for Fy(r). 


Appendix II 
Derivation of Equation for Rate Constant 
From Eq. (24) the rate constant is expressed. 


as follows: 


k= (aC | ‘i \\paa No DG» Pr, 2) 


” “nj 


ot dprdpo dR}. (A, 12) 
uh 


Assuming the initial systems in thermal equili- 
brium, the density function, No(pc, pr, n), is 
given by 


No DG, pr. 1) 






ho En a ty? a Po 
_(AMBC) _2eT | at ce 2uaI 
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(A, 13) in Eq. (A, 12), 
Po2 
1 hin \ (1 _ 2MkT ; 
xp( - -{ , sd 
Fa-F'sc orn 2kT \ hs Nt dpc R) 
_ En ie t,? 
2ukT 3 Pr 


AT ND 
{ Sen jie 
0 fj uh 


Substituting Eq. 


x(Se dpr) (A, 14) 


n 
is obtained. Since, in our approximation, «xj 
exists only for n=j, we obtain the following ex- 
pression for the integral in Eq. (A, 14) 


F Pe 


7 


oo ee 
2urkl 
I -{ Knnl( Pr. 2)-e 
0 


° yy aPr 


wn 


aie 
~ ie 


where x =PEr2ukT)! 2. 


\ Knnlx, nywe* dav, (A, 15) 
0 


Since this integral including the approximate 
Kna, Eq. (21), just corresponds to that occurring 
in the statistical-mechanical treatment of the 
Fermi-Dirac gas,’ it is easily integrated in 
analogous way and the result is 


‘rf 2s “iC, 12h T ) + Doon( an) 
h 1\ 


ue 


~~ (—1)") ° 
‘> . Texp La) 
2% ) 
pol 


(A, 17) 


Mayer and M. G. Mayer ‘* Statistical 
John Wiley & Sons, Inc., New York, 1940, 


17) J. E. 
Mechanics ”’ 
p. 381. 
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where 


d (2m) 
dx 2) 


Loman) - [ 


exp( 2) -exp(a,,) 
I=79 


and 


2 1 


rn = k (A, 19) 


plEell ap;,,)—C/Al. 


If we express ap;,,, by use of vw and vt defined 


by Eqs. (29) and (30), then Eq. (A, 19) becomes 


(A, 20) 


in 


since 


: Fae| Ee h( ve — 5" yf n+ I ) c 2 


\ 29 \ 2 1 


+2 
) mee h - 
Pan= ¢(0)07' nl p)dp = ‘ (2n 
J-20 8x7 Vy 


Noting the relations 
Exn=hvoin+1,2) 


and 

_ 
4 (le 2MkT UpcdR, 
h* 
in which the integration over R is carried out 
for unit volume, and substituting Eqs. (A, 17) 
and (A,20) in Eq. (A,14), we can get the final 


equation (25). 


fi... = (A, 23) 
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By Koji NAKANISHI, Hiroshi KAkISAWA and Yoshimasa HIRATA 
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Pristimerin is an antibiotic isolated by 
Bhatnagar and Divekar?’ from the plant 
Pristimera indica (Wild) A. C. Smith, syn. 
Hippocratea indica Wild (Celastraceae), which 
besides being active against the common 
gram-positive organisms, is characterized by 
its activity against the Vividans group of 
streptococci. It has been found to be an 
effective chemotherapeutic agent in the 
treatment of tonsilitis, inflammation of the 


1 The present studies were commenced in the labo- 
ratory of Professor L.F. Fieser, Harvard University, 
U.S.A. A communication has appeared in J. Am. Chem. 
Soc., 77, 3915 (1955). 

2 S.S. Bhatnagar and P.V. 
Res., 10B, 56 (1951). 


Divekar, J. Sci. Industr. 


naso-pharyngeal mucosa, etc. Celastrol is 
the red pigment obtained from the root bark 
of Celastrus scandens*” ; tripterine from Tyi- 
pterygium wilfordii Hook f. is also reported 
to be identical with celastrol”. In the pre- 
sent paper we wish to present structure (I) 
for pristimerin and (I’) for celastrol, and also 
to make comments on structural studies so 
for undertaken**’,~ on these substances. 


3 O. Gisvold, J. Am. Chem. Soc., 28. 449 (1939); 
29, 12 (1940); 31, 529 (1942). 

4) Chouand Mei, Chinese J. Physiol., 10, 529 (1936 

5 M.S. Schechter and H.L. Haller. J. Am. Chem. 
Soc., 64, 182 (1942). 

6 L.F. Fieser and R.N. Jenes, J. Am. Pharm. Soc., 
31, 315 (1942). 
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One isolated nuclear 
double bond, probably 
tri- or tetra-substituted. 


—C7His 
(Containing 
two C-CH3;) 


(I) R=OCH; 


(I‘)R 


Pristimerin is obtained as orange needles 
and possesses one methoxyl and three C- 
methyl groups. A molecular formula of 
C3o)HyO, is in better accord with analysis 
than the previously assigned” formula of 
Cs:H3,;-sO,;. The fact that catalytic hydro- 
genation gave a colorless solution which 
gradually regained the original coloration 
when exposed to air, and that the shape of 
the ultraviolet curve (Fig. 1) was similar to 
o-quinones, e.g., 3-2-pentadecyl-1-,2-benzoqui- 
none”, 4-methyl-1,2-benzoquinone'™, 3-meth- 
oxy-1,2-benzoquinone'” (Fig. 1), etc., suggested 





log 6 ‘ 
1 


35 








at 
300 380 420 mye 


(1) Pristimerin 
(2) 3-Methoxy-1,2-benzo- 
quinone 


(3) Reductive acetate 
4 


-OH 


that two of the oxygens were contained in 
an o-benzoquinonoid arrangement. Though 
the infrared spectrum (Fig. 2a) was compared 
with those of several other o-quinones, the 
bands in the 6y region are as yet not com- 
pletely interpretable; it is now understood 
that the conjugated enol group is evidently 
involved. In spite of the 34% hydroxyl band 
(vide infra) and a positive ferric chloride 
test, pristimerin was recovered unchanged 
from rather vigorous treatment with diazo- 
methane. Acetylation under a variety of 
conditions did not afford a crystalline product, 
but the reductive acetylation proceeded smo- 
othly to give a colorless optical-active'’ 
dihydro-diacetyl derivative. However, the 
ultraviolet spectrum of the reductive acetate 
(Fig. 1) showed no conspicuous maxima, 
excepting a shoulder-like peak at 278 my 
(log ¢ 2.90), which at most could only be 
attributed to a benzenoid nucleus. Support 
of the presence of an aromatic (i.e., benzenoid) 
ring was obtained from the infrared bands 
at 1775 and 1765 cm (enol acetate), and at 
1600 and 1515 cm™ (aromatic) (Fig. 2b). The 
disappearance of the hydroxyl band, is also 
to be noted. 


Wave numbers in cm 


2000 1500 


Percent transmission 


6 


Wave length in microns‘ 


Fig. 2a. 
7) A.B.S. Kulkarni and R.C. Shah, Nature, 173, 1237 
(1954). 
8) V.N. Kamat, F. Fernandes, and S.S. Bhatnagar, 
J. Sci. Industr. Res., 14C, 1 (1955). 
9) H.S. Mason, J. Am. Chem. Soc., 70, 138 (1948). 


Pristimerin (CCl,) 


1 Ss. 
1928). 

11 Prepared according to the method of R. Willstatter 
and F. Muller, ibid., 44, 2179 (1911). 

12 The [a]p of pristimerin could not be measured 


Goldschmidt and F. Graef, Ber., 61, 1858 


owing to the coloration. 





ed in 
lough 
pared 
, the 
com- 
stood 
ently 
band 
oride 
inged 
liazo- 
y of 
duct, 
smo- 
ive!’ 

the 
etate 
<ima, 
} my 
y be 
»port 
noid) 
ands 
id at 
The 
also 


January, 1956] 


Percent transm:ssion : pu 
Percent transmission 


Percent transmission 


3000 


Structure of Pristimerin and Celastrol 


Wave numbers in cm™ 


000 5 1900 





2 
Ss 
— 


> 
Ss 
— 


= 
——— 











ib 


9 10 


S 
V 





Wave length in microns 


Fig. 2b. Reductive acetate (Chloroform) 
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Wave length in microns 
Fig. 2c. Co3;H2z (Nujol) 
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Fig. 2d. Pristimerol (Nujol) 
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Wave numbers in cm™! 
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Percent transmission 


6 


1000 








Wave length in microns 


Fig. 2e. 


A micro zinc-dust distillation of pristimerin 
afforded, though in very poor yield, a strongly 
fluorescent crystalline product and a crude 
oil with an aromatic odor. The ultraviolet 
spectrum of the former (Fig. 3) was almost 





240 280 320 360 380 
Zinc distliation 
CoH 
Picene 


product, 


superimposable on that of picene except that 
the respective peaks were displaced slightly 
by 0-2 my towards longer wave-length; an 
infrared comparison clearly revealed the non- 
identity of the product with picene (infrared 
spectrum of product recorded in Fig. 2c!” 
The analysis checked with C..Hg,, i.e., a C,H, 
substituted picene, and since bathochromic 
shifts of 5-7 my are observed in the ultra- 
violet spectra of dialkyl-substituted picenes 
as compared with the parent hydrocarbon", 
the product is suspected to be a monosub- 
stituted picene with a C,H»y-side chain. The 
spectrum was also comparable in shape with 
that of chrysene (and alkyl derivatives), and 
13 The authors are indebted to Research Laboratory, 
Baird Associutes, Cambridge, U.S.A., for running micro- 


infrared spectra of the zinc distillation product and 


related compounds. 
14) L. Ruzicka, et al., Helv. Chim. Acta, 19, 377 


1936); 20, 1155 (1937). 


Pristimerol dimethyl ether (Nujol) 


analysis equally agreed with a C;H;-substi 
tuted chrysene, C.,;H,<, but in this case the 
bathochromic shifts of 6-17 my of the res- 
pective peaks are too high to be accounted 
for by three methyl groups. The crude brown 
oil possessed an ultraviolet spectrum some- 
what similar to naphthalene derivatives. Al- 
though possibilities for ring formation during 
the zinc-dust distillation should not be over- 
looked, other evidences (vide infra) suggested 
the presence of rings A, B, and C, and also 
the five-membered nature of ring C; hence, 
a pentacyclic perhydro-1,2,7,8-dibenzofluorene 
skeleton with an angular methylgroup at 
the C/D ring junction has tentatively been 
assumed. 

Treatment of pristimerin with sodium boro- 
hydride, or with boiling alcoholic hydrochloric 
acid yielded a colorless dihydro derivative, 
pristimerol, possessing a clear ultraviolet 
absorption (A#"* 284 my, log ¢« 3.49, Fig. 4 





40 260 280 300 my 

Pristimerol 

---- 1,2,3,4-Tetrahydro-5,6,7- 

trimethoxy-naphthalene 
which was of great value in subsequent 
studies. The original methoxyl group was 
retained, and two hydroxyl groups had been 
formed as evidenced by formation of a di- 
p-nitrobenzoate and a dimethyl ether (A@/<_ 
280 my, log ¢ 3.31); the infrared spectrum 
(Fig. 2d) showed that an hydroxylated ben- 
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zenoid moiety was present in pristimerol. 
The disposition of the hydroxyl and methoxyl 
groups around the benzenoid ring was infer- 
red in the following manner: At least two 
carbon side-chains should be attached to this 
ring to account for the condensed cyclic 
skeleton, and on the other hand, at least one 
position in the benzenoid ring is unsubsti- 
tuted since pristimerol coupled with f-diazo- 
benzenesulfonic acid. 1,4-Dihydroxybenzene 
and 1,2,4-trimethoxybenzene absorbed at 294 
my (log ¢ 3.49) and 286 my (log «¢ 3.56), res- 
pectively, and attachment of two side-chains 
would shift the maxima to a wave-length 
longer than that of pristimerol or its dimethyl] 
ether'®; accordingly, absence of these groups 
is apparent. Two alky! substituents attached 
to pyrogallol (A#'<, 267 my) or catechol (A2" 
278 mz)’ may be expected to shift the 
absorption maximum to the region of 285 my: 
this would lead to the part structures (II), 
(III) and (IV) for pristimerol dimethyl] ether. 


CH;0 
1 
CH;0 CH;0 
| { 
CH;0” \ CH,0”” . 


(II) (IIT) 





Amongst these, (III) was excluded through 
comparison with the absorption of(V) | 
283 my), and similary, (IV) was discarded on 
grounds of the absorption of 1,2-dimethoxy- 
4-n-amylbenzene™ (A2!<. 284 mu), thus leav- 
ing (II) as the plausible structure. Accord- 
ingly, 1,2,3,4-tetrahydro-5,6,7-trimethoxynaph- 
thalene'’ was synthesized, and it was found 
that the spectrum was superimposable on 
that of the pristimerol derivative (Fig. 4). 
This proved in a conclusive manner that in 
pristimerol the part structure (VI) or (VII) was 


HO CH;0 
1 


HO, - Fal HO. 
| 


CH;07\/\, HO”“*\’\ 
(VI) (VII) 


15) (i) For the present discussion, the chromophoric 
power of a phenolic hydroxyl and its methyl ether is 
regarded as being approximately identical. (ii) Alkyl 
groups attached to benzenoid nuclei produce bathochromic 
shifts. However, when an oxygenic function is attached 
to the nucleus, a bathochromic shift is not necessarily 
the result, e.g., catechol (Amax 278 mp) and pyrogallol 
(Amax 267 mp). Hence, comparisons should be made only 


amongst compounds which are substituted by oxygenic 
functions in an analogous manner. 
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present. In agreement with these o-dihydro- 
xybenzene structures, pristimerol gave a 
green ferric chloride test. The obvious fact 
that pristimerin should necessarily be the cor- 
responding quinone received confirmation from 
the results of catalytic hydrogenation, i.e., 
pristimerin absorbed only one mole of hydro- 
gen, and rapid processing of the colorless 
solution afforded the expected pristimerol. 
Formation of pristimerol by sodium borohy- 
ride may be presumed to proceed through 
the following sequences, in which only the 


2 2 E HO po 
O HO enolization Z 
DO - 29 =D 
CH CHO CH,O~ 
carbonyl group at position 2 is reduced since 
the conjugated system incorporating the 
other carbonyl group, -CO-C = C-C=C-OCH;, 


may be regarded as a carbomethoxy vinylog. 
Formation of pristimerol with methanolic 


CHO AA Ch 
| | oO 
CH;0 CH,07\ col 
CH,O. 
| 
. CH;,O7\/ 
| 
CHO 
(IV) (V) 


hydrochloric acid possibly proceeds through 
an intermolecular oxidation-reduction. (In 
fact, the yield of pristimerol by this latter 
method never exceeded 50%.) 

The position and nature of the remaining 
oxygenic function will now be discussed. The 
oxygenic functions in positions 1 and 2 are 
hindered, as evidenced from the unreactivity 
of pristimerin with o-phenylenediamine, and 
recovery of pristimerol upon attempts to 
obtain a carbonate by treating with phosgene. 
Furthermore, the carbonyl group apparent in 
the infrared spectra of the reductive acetate, 
pristimerol, and its dimethyl ether (Figs. 2b, 
2d, 2e) afforded no carbonyl derivatives and 
the dimethyl ether resisted reduction with 
sodium borohydride or lithium aluminum hy- 
dride. These facts may be satisfied by 
assuming a rather rigid structure for these 
functions i.e., by adopting (VI) for pristimerol 
and placing the carbonyl group in the steri- 

16) R.A. Morton and Z. Sawires, J. Chem. Soc., 1052 

(1940). 

17) G.N. Walker, J. Am. Chem. Soc., 75, 3393 (1953). 

18) R. Adams, C.K. Cain, and H. Wolff, ibid., 62, 732 


(1940). 
19) R.D. Haworth, B.P. Moore, and P.L. Pauson, J. 


Chem. Soc., 3271 (1949). 
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cally hindered position of an angular tricyclic 
system asin (VIII). The bathochromic location 


fA Ov_ 
O Cc 
HO, 
A B 
CH;07 pg 4 
(VIII) 


of the ketone band in the infrared spectrum 
of pristimerol (1705cm~') as compared with 
the reductive acetate (1725cm™') and pristi- 
merol dimethyl ether (1720cm~') may thus 
be satisfactorily explained by formation of 
the seven-membered hydrogen bond. Repre- 
sentation of this ketone group in a five- 
membered rather than in a _ six-membered 
ring C was deduced from the infrared absorp- 
tion of steroidal?” and triterpenoid?” ketones ; 
the fact that the analogously constructed 11- 
keto in the five-membered ring C of hydro- 
jervine derivatives also absorb in the region 
of 1725cm~'”” is also to be noted. However, 
possibilities for a six-membered ring C still 
remains. 

The 1l-oxygenic function in pristimerin 
has been formulated in the enol-form rather 
than in the alternative keto-form for the 
following spectroscopic reasons: (i) Contrary 
to the statement of Kulkarni and Shah”, 
the infrared spectra of pristimerin revealed 
a weak but distinctive band at 3370-3380 cm~ 
(in chloroform and carbon tetrachloride), in 
spite of the fact that the samples used were 
repeatedly recrystallized from absolute sol- 
vents and thoroughly dried. No hypsochro- 
mic shift was observed upon dilution of the 
solutions, thus indicating formation of an 
intramolecular hydrogen bond. Furthermore, 
the fact that the solid spectrum likewise 
showed an hydroxyl absorption (AN“%°! 3346 
cm~') excluded the possibilities of this 
remaining oxygenic group being involved in 
a keto-enol equilibrium?” ; hence, it had to 
be assumed that some sort of an hydroxyl 

20) R.N. Jones, P. Humphries, and K Dobriner, J. 

Am. Chem. Soc., 71, 241 (1949). 

K. Dobriner, E.R. Katzenellenbogen and R.N. Jones, 
‘‘Infrared Absorption Spectra of Steroids”’ 
New York (1953). 

21) A. Meyer, O. Jeger, V. Prelog and L. Ruzicka, 

Helv. Chim. Acta, 34, 747 (1951). 

22) O. Wintersteiner, M. Moore and B.M. Iselin, J. 

Am, Chem. Soc., 76, 5609 (1954). 

23) Theinfrared spectrum of 1, 1-dimethylhexanedione- 

1,3 in chloroform shows bands arising from both the 

keto- and enol-form: — 2630 w, 1702s, 1724m, 


1605s ‘cf., R.S. Rasmussen, D.D. Tunnicliff and R.R. 
Brattain, J. Am. Chem, Soc., 71, 1069 (1949); ref. 24); 
H. Heymann, S.S. Bhatnager and L.F. Fieser, J. Am. 
Chem. Soc., 76, 3689 (1954)). However, in nujol the 
doublet around 1700cm™! disappeared and only the 
enolic bands at 2630 (m) and around 1605cm~!(s) were 
observed. 
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was present in pristimerin. (ii) One set of 
isosbestic points was observed in the ultra- 
violet spectra of pristimerin measured in 
alcoholic alkali (Fig. 5). In the light of this 





Pristimerin in (1) alcohol (+ NaCl 


Ii 7» (2) Q001N ale. NaOH (Nac) 





/ \. (3) 0005 N alc. NaOH (+NaC1) 











+ 4 — at r — ow 
320 360 400 $49 450 520 560m 
Fig. 5. Isosbestic point; 362 my (¢=4800), 
195 my (e=—3300) 


observation, it follows that in neutral alcohol 
(and presumably in other less polar solvents?*) 
pristimerin exists solely in the enol-form and 
that an enol-enolate equilibrium is involved; 
if pristimerin existed in the keto-form or if 
a keto-enol equilibrium was involved two sets 
of isosbestic points would have been expected. 

The fact that ozonolysis of pristimerin 
afforded no volatile carbonyl compound pre- 
cluded the presence of double bonds within 
the side-chain. Furthermore, since pristimerol 
and its dimethyl ether do not absorb hydrogen 
upon catalytic hydrogenation it seems pos- 
sible that the double bond is situated in a 
hindered nuclear position, i.e., either to be 
tri- or tetra-substituted. Though infrared 
bands of medium strength were observed 
around 840cm™— with pristimerin and deriva- 
tives, the infrared evidence alone is as yet 
not decisive for the presence of a tri-substi- 
tuted double bond. 

As already mentioned by Kulkarni and 
Shah”, and by Kamat, et al. the similarity in 
the source and ultraviolet spectrum of celastrol 
to those of pristimerin demonstrated a close 
relationship to exist between the two sub- 
stances. Though celastrol possesses no me- 
thoxyl group, it is methylated by diazo- 
methane® to give a product, the analyses of 
which also agree with C3 9H, O, (pristimerin) 
as well as with the reported C.;H;.0,;. Pro- 
fessor O. Gisvold, Minnesota University, 
U.S.A., kindly furnished us with a sample 
of celastrol and its monomethyl ether, and 
it was found that the latter was indeed 
identical with pristimerin (melting point, 
ultraviolet and infrared spectroscopy measure- 

24) Im general, the polar ketonic structure is favored 

in polar solvents, and the chelated enolic form in less 


polar solvents: cf. B. Eistert and W. Reiss, Ber., 87. 
2 (1954). 
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ments). Accordingly, the part structure (I’) 
may be assigned to celastrol. The oxidation- 
reduction potential of pristimerin, as measured 
by titration, gave the value of ca. +297 mV., 
which is exceptionally low for o-quinones?””’. 
This is probably due to the combined electron- 
donating nature of the methoxyl, enol, and 
alkyl (as ring B) groups. 

Kulkarni and Shah” have forwarded the 
part structure (IX) for pristimerin. Pristimerol 
would then be represented by the conjugate- 
chelated (X), which should now possess the 
characteristic ultraviolet?» and infrared?” 
absorption of o-hydroxyacetophenones, i.e., 
two, a. at ca. 250my and 330 my, as ex- 
emplified by 2, 5-dihydroxy-acetophenone (AS, 
255 my, loge 3.91, and 367 my, log ¢ 3.70), and 
a strong infrared band around 1635cm™, both 
of which, however, are contrary to facts. 
Moreover, structure (IX) of pristimerin leads 
to structure (XI) for celastrol, which would 
most probably exist in the f-quinonoid form 
(XII) and be methylated to give a p-quinone 
i.e., pristimerin); the fact that pristimerin 


0 Oo oii. 
i | Oo oO 
O: / | | 
| | | is a 
| | 
iin. oa 
CH:O | 
CH:O 
(IX) (X) 


and celastrol possess identical ultraviolet ab- 
sorptions excludes the existence of an an o@ 
p quinone relationship between the two. 
Kamat, et al., have proposed a carotenoid 
(conjugated pentaene) structure for pristi- 
merin, which can also be excluded on grounds 
of ultraviolet absorption since the chromo- 
phoric power of the group is insufficient to 
produce absorption as high as 423 mp”’. 


Experimental 


Unless otherwise stated, melting points were de- 
termined on a micro hot-stage and are uncorrected. 
The ultraviolet spectra were measured on Beck- 
man DU and Hitachi spectrophotometers in al- 
cohol. Infrared spectra were measured on Baird, 
Perkin-Elmer 12C and 21 models, equipped with 
rock-salt prisms. 

Pristimerin.—Pristimerin was recrystallized by 
adding petroleum ether to a concentrated acetone 





25) K. Wallenfels and W. Mohle, ibid., 86, 926 (1953). 

26) R.A. Morton and A.L. Stubbs, J. Chem. Soc., 
1347 (1940). 

27) H.L. Hegert and E.F. Kurth, J. Am. Chem. Soc., 
5, 1622 (1953). 
28) W. Oroshnik and A.D. Mebane, ibid., 76, 5719 
1954). 
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or benzene solution; orange needles, m.p. 219-220° 
(dec.). To ascertain that the 3u infrared band 
was not caused by water of crystallization, 
samples of pristimerin were prepared by using 
freshly prepared absolute solvent pairs of petro- 
leum ether and benzene, and dried over phos- 
phorus pentoxide in vacuo at 100° for fortyeight 
hours; however, the crystals thus obtained still 
possessed the same melting point and infrared 
absorption (Fig. 2a): —_ 3350 w, 1742s, 1736 s, 
1662 w, 1595 s, 1550 m, 1519 m; 2&S'* 3380 w, 
1740 s, 1655 w, 1607 s, 1514cm™!. It is considered 
that the bands around 1740cm™ are associated 
with the o-quinonoid group; in celastrol, the cor- 
responding band was shifted to 1701cm™ with a 
slight shoulder at 1742cm™. Ultraviolet spectrum 
(Fig. 1): Aina 250-255 my (loge 3.90), Amax 423 mp 
(loge 4.05). 

Calcd. for CzpHwOy: C, 77.55; H, 8.68; M.W., 

464.62. 
Found: C, 77.54, 77.84, 78.18, 77.70; H, 8.87, 
8.90, 8.72, 8.67; M.W. (Rast), 394. 
C-CH; (Kuhn-Roth): 8.08% (2.5 groups). 
O-CH; (Zeisel): 7.69% (1.1 groups). 
Attempted Acetylation.—In spite of the several 

conditions tested, only an amorphous white powder 


O O 
or HO 
HO O 
(XI) (XI) 


was obtained by regular acetylation (with com 
binations of acetic anhydride, pyridine, boron 
trifluoride, sodium acetate, sulfuric acid), repeat- 
ed purifications by chromatography, and re- 
crystallization from various solvents; m.p. 120- 
150°C. 

Catalytic Hydrogenation of Pristimerin.—In 
three micro measurements conducted in acetic 
acid with Adams’ catalyst, 1.30, 0.93, and 1.12 
moles of hydrogen were absorbed to give a colorless 
solution, which regained the original orange color 
when left in contact with air for several hours 
(cf. Reductive acetate (ii), and pristimerol (iii)). 

Reductive Acetate.—(i) A mixture of 150 mg. 
of pristimerin and 150mg. of zinc dust was 
treated with 0.6cc. of acetic anhydride and one 
drop of triethylamine, when decolorization took 
place in five minutes. The mixture was boiled 
for several minutes, extracted with l.5cc. of 
hot acetic acid, the boiling extract treated with 
several drops of water and the precipitate re- 
crystallized twice by addition of methanol to a 
saturated acetone solution; white needless, 90 mg., 
m.p. 252°, [a@]}??+54.3° (chloroform). Ultraviolet 
spectrum (Fig. 1): dAmax 278myp (loge 2.90). In- 
frared spectrum: Fig. 2b. It does not react with 


carbonyl reagents. 
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Caled. for CzsHwOs: C, 74.15; H, 8.42. 
Found: C, 73.75, 73.96; H, 8.29, 8.10. 
-OCOCH; Content: 1.8 groups. 

(ii) The same reductive acetate (m.p. and in- 
frared spectrum) was obtained by hydrogenating 
100 mg. of pristmerin in 6cc. of acetic anhydride 
over PtOz catalyst, adding lcc. of pyridine, leav- 
ing the solution overnight, removing the catalyst, 
and treating as in (i). 

Ozonolysis of Pristimerin.—Ozone was passed 
through a solution of 60mg. of pristimerin in 
5cce. of chloroform until complete decolorization 
took place, and the ozonide was decomposed by 
boiling with water. No precipitate was formed 
in a solution of 2,4-dinitrophenylhydrazine con- 
nected to the top of the condenser during the 
refluxing; steam distillation of the ozonolysis 
mixture likewise afforded no 2,4-dinitrophenylhy- 
drazone. 

Zinc Distillation.—One end of a glass tubing 
(7x0.6cm.) was drawn out into a capillary and 
the root of the capillary was stuffed loosely with 
some asbestos. The tubing was filled in the fol- 
lowing order with zinc-dust, pristimerin +zinc-dust 
(1: 100 mixture), and zinc-dust, to make layers 
of lcm. (a), 0.5cem. (b), and 0.5cm. (c), respec- 
tively, and the tube was sealed outside layer c. 
After first heating (a) until red-hot with a micro- 
flame, the tubing was heated from (c) through (b) 
towards (a) during a period of three to four 
minutes. During the course of distillation, care 
should be taken to distil with heat transmitted 
through the zinc layer and to move the flame 
slowly towards new portions of the tube containing 
the yet undecomposed sample. Ninety of these 
distillations were carried out on a mixture of 
600 mg. of pristimerin and 60g. of zinc-dust. 
The respective capillary portions containing an oily 
and crystalline aromatic distillate were cut off, 
washed with acetone, and the solutians combined. 
The solvent was evaporated and the ethereal 
solution of the residue was passed through a 
column (0.5x10cm.) of alumina (acid-washed), 
when a purple-red band remained sticking on the 
top. The eluate was passed through a column 
twice more and the ether was evaporated. The 
dark-yellow residue was submitted to a fractional 
dissolution using a 1: 2 mixture of acetone and 
petroleum ether, when a crystalline product was 
obtained from the fraction which was more soluble 
in the solvent pair. The other fraction was an 
orange oil with an aromatic odor and an ultra- 
‘violet spectrum resembling naphthalenoid com- 
pounds. The crystals were combined and passed 
through a column once more and finally recrystal- 
lized from ethanol, when 3mg. of slight yellow 
flakes with a strong purple fluorescence were 
obtained; m.p. 299-300° (dec.) (in sealed tube, 
otherwise sublimation). Ultraviolet spectrum 
(Fig. 3); 232 mu (loge 4.32), 257 (4.63), 275 (4.78), 
284 (4.90), 297 (shoulder, 4.40), 301 (4.39), 313 
(shoulder, 4.15), 327 (4.17), 357 (2.97), 376 (2.87). 
Infrared spectrum: Fig. 2c. 

Caled. for CasHg2: C, 93.40; H, 6.60. 
Found: C, 93.43; H, 6.87. (analysis carried 
out on 0.975 mg.) 
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Pristimerol.—(i) A solution of 50 mg. of pristi- 
merin in 2cc. of ethanol was decolorized immedi- 
ately upon addition of a small amount of sodium 
borohydride. After several minutes, the excess 
reagent was decomposed with acetic acid, and hot 
water was added dropwise to the boiling alcoholic 
solution until the solution became slightly turbid; 
18mg of white needles, m.p. 241° (ethanol-water). 
Acetylation of pristimerol under a variety of 
conditions (including procedure for preparation 
of reductive acetate) gave only an amorphous 
product. Attempts to obtain a carbonate of this 
o-dihydroxybenzene derivative by reacting with 
phosgene, or to prepare carbonyl derivatives 
resulted in recovery of starting material. Addi- 
tion of p-diazobenzenesulfonic acid dissolved in 
aqueous sodium carbonate to an acetic solution 
of pristimerol gave rise to a red-orange coloration. 
Ultraviolet spectrum (Fig. 4): Amax 284 my (logs 
3.49). Infrared spectrum: Fig. 2d. 

Calcd. for C3jHyO,: C, 77.21; H, 9.07. 
Found: C, 77.12, 77.08; H, 9.02, 9.22. 
O-CHsz; (Zeisel): 5.42% (0.81 groups). 

(ii) After adding 1.8cc. of concentrated hydro- 
chloric acid to 75 mg. of pristimerin dissolved in 
10cc. of ethanol, the solution was boiled for 
twenty minutes, when it was decolorized. After 
cooling, the solution was poured into 30cc. of 
water, and the precipitates were collected, dried, 
and recrystallized from benzene, 25 mg., m.p. 236°. 

Found: C, 77.35, 77.27; H, 9.14, 9.31. 

(iii) A solution of 40 mg. of pristimerin in 2 cc. 
of acetic acid and 2cc. of ethanol was reduced 
with PtOsz—Hyz, the catalyst filtered rapidly, and 
the solution was worked up as mentioned in (i) to 
give 22mg. of crystals, m.p. 234-5°. The samples 
prepared by methods (ii) and (iii) were identical 
with pristimerol, as ascertained by infrared spectra 
and identity of the di-p-nitrobenzoate. 

Pristimerol Di-p-nitrobenzoate.—A mixture of 
10mg. of pristimenol, 1.5cc. of pyridine, and 
60 mg. of p-nitrobenzoyl chloride was heated on 
the bath for one hour, and poured into water 
after cooling. The excess reagent was dissolved 
by addition of sodium bicarbonate, and the pre- 
cipitate was collected, dried, and recrystallized 
thrice from acetone, to give 30mg. of white 
needles, m.p. 213°. 

Calcd. for C4yysHysO,oNe: 
3.66. 
Found: C, 69.02, 69.20; H, 6.65, 6.43; N, 3.72. 

Pristimerol Dimethyl Ether.—To a solution 
of 100mg. of pristimerol in 5cc. of acetone, there 
was added 100 mg. of finely pulverized potassium 
carbonate and 0.1lcc. of freshly distilled dimethy] 
sulfate. After boiling the mixture for three 
hours, the same amount of potassium carbonate 
and dimethyl sulfate were added, and the mixture 
was boiled for another three hours, and filtered 
while hot. White crystals (70 mg.) were obtained 
from the filtrate. Concentration of the filtrate 
yielded another crop (30 mg.) of crystals; m.p. 
209-10° (acetone). The substance did not react 
with carbonyl reagents and was not reduced with 
lithium aluminum hydride or sodium borohydride. 
Attempted enol acetylation (acetic anhydride- 
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The O—CH; determination 


pyridine) also failed. 
solu- 


was unsatisfactory owing to its only slight 
bility in the decomposition solvent (Zeisel method). 
Ultraviolet spectrum: 280 mz (loge 3.31). 
Infrared spectrum: Fig. 2e. 
Calcd. for Cy2H4;0,4: C, 
Found: C, 77. 28, 77.77; H, 9.20, 9 54. 

Isosbestic Point of Pristimerin (Fig. 5).—A 
stock solution of 3.77 mg. of pristimerin in 100cc. 
of alcohol was prepared. For measurement of 
the spectrum in neutral alcohol, one drop of 1N 
sodium chloride solution was added from a hypoder- 
nic syringe to exactly 3cc. of the stock solution 
in a lem. Beckman cell. For measurement in 
the alkaline region, a solution of sodium hydroxide 
dissolved in 1 N sodium chloride was added instead, 
the alkali concentration of whic! was adjusted so 
as to give final alcoholic alkali concentrations of 
0.0002 N, 0.001N, and 0.005 N (the spectra were 
the same at concentrations above 0.005 N). The 
range 320—600myz was measured within two 
minutes, so as to avoid the effect of atomspheric 
carbon dioxide. The ultraviolet region, 210-340 
my, was also measured but the curves did not 
the initial inflection around 
ethanol shifted 


Amax 


77.69,: H, 9.37. 


cross; in this case, 
250myz (¢-8.3%10*) in 
towards longer wave-length with increase in alkali 
concentration, and was transformed into a _ well- 
defined peak in 0.002 N and higher solutions (e. g., 
0.005 N solution: 250 mz, |¢=—9.2*10*; Amasx 
270 mz, <-=—10.8x10*). Apparently the somewhat 
weak but broad absorption around 520 my is res- 
ponsible, in part, for the brown-red color of 
alkaline solutions. Acidification with acetic acid 
of the alkaline solutions restored the spectra to 
that of neutral pristimerin: however, if the alka- 
i 


ine solutions were left overnight, decomposition 


neutral 


Amin 


occurred. 
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Oxidation-Reduction Potential of Pristime- 
rin.—A 0.001 molar alcoholic or dioxane solution 
(pH 1.5) of pristimerin was titrated with a TiCl;— 
HC! solution, using saturated calomel and platinum 
electrodes. An accurate oxidation-reduction curve 
could not be obtained, owing to precipitation of a 
quinhydrone, but the value was around +297 mV. 
Polarography did not give satisfactoryresults. 


Summary 


Part structure (I) has been presented for 
pristimerin on grounds of chemical and spec- 
troscopic evidences. Celastrol (tripterine) has 
been shown to be demetylated pristimerin, 
hence (I’). 

The authors are greatly indebted to Col. 
S. S. Bhatnagar, St. Xavier’s College, Bombay, 
India, for his continuous support and generous 
supply of pristimerin used in the present 
studies, and to Professor L. F. Fieser, Harvard 
University, U.S. A., for permitting us to pub- 
lish the results obtained while one of us (K. 


N.) was working in his laboratory on _ pris- 
timerin, and for permitting us to take the 
The 


problem back to Japan for continuation. 
authors also wish to make grateful acknow- 
ledgements to Mr. S. Oseko, Dainippon Phar- 
maceutical Co., Osaka, and Mr. M. Yamaguchi, 
Osaka City University, for most of the in- 
frared measurements, and to Mr. S. Senoh, 
Osaka City University, for microanalyses. 
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The Effect of Temperature on Micelle Formation and Solubilization 
in Benzene 


By Ayao KITAHARA 
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Introduction 


There have been recently some reports on 

micelle formation'*»» and solubilization'»»’»' 
1) L. Arkin and C.R. Singleterry, J. Am. Chem. 

Soc., 70, 3965 (1948). 
2) S. Kaufman and C.R. Singleterry, 
7, 453 (1952). 
3 M. van der Waarden, J. Colloid Sci., 5, 448 
4 L. Arkin and C.R. Singleterry, J. Colloid Sci., 4, 
537 (1949). 

5) M.B. Mathews and E, Hirschhorn, J. Colloid Sci., 
8, 86 (1953). 

6 S.R. Palit and J.W. McBain, J. Chem. Soc. Ind., 
66, 3 (1947). 

7) S.R. Palit and V. Venkateswarlu, Proc. Roy. Soc., 
A208, 542 (1951). 


J. Colloid Sci., 


1950). 


in a non-polar solvent. Since, however, deter- 
gents used are limited and the concentration 
dependence of solubilization has scarcely ever 
been obtained”, more experimental data seem 
to be necessary in order to clarify the gene- 
ral behavior of detergents in a non-polar 
solvent. 

The present author” has already discussed 
the micelle formation from the standpoint of 
the relation between the van’t Hoff factor 
and the concentration of a detergent and 


8) R.C. Pink, J. Chem. Soc., 1939, 53. 
9 A. Kitahara, This Bulletin, 28, 234 (1955). 
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from the standpoint of the change of the 
maximum amount of water solubilized under 
varying concentration of detergents in ben- 
zene including a series of pure fatty acid 
salts of amines. 

In this paper, the van’t Hoff factor and 
the maximum amount of water solubilized 
are measured under varying concentrations 
and temperatures in benzene for the above 
materials. In this connection a few re- 
ports®»' on the temperature dependence of 
solubilization are also available, but a con- 
clusive result has not yet been obtained. 


Experimental 


Materials.—Dodecylammonium propionate, bu- 
tyrate, caproate, caprylate and caprate, and 
octadecylammonium propionate and butyrate were 
used as detergents. The preparation of detergents 
was similar to that already reported™®. They were 
all white crystalline and had definite melting 
points within the range of +1°C. It was sug- 
gested from their infrared spectra that their 
structures are ion pairs of [RCOO7] [H;NR’}*. 
Benzene and water were purified as usual. 

Precedures.—Van’t Hoff factors of these deter- 
gents in benzene were determined at different 
concentrations cryoscopically and ebullioscopically. 
Cryoscopy was carried out by means of the usual 
Beckmann’s apparatus, and ebullioscopy by the 
revised Cottrell’s apparatus!», 

A maximum amount of water solubilized in a 
benzene solution of a detergent was determined 
at various concentrations as in the preceding 
paper”. The occurrence of turbidity which 
determines the limit of solubilization was sharp 
with the change of the amount of added water 
for caproate, caprylate and caprate of both amines, 
though not relatively sharp for propionate and 
butyrate. The turbidity was a faintly milky state 
in the later cases and an assembly of very small 
droplets in the former cases. The measurements 
were carried out at 10°, 26° and 40°C in an air 
thermostat. 


+ 1°C. 


The fluctuation of temperature was 


Result and Discussion 


The Effect of Temperature on Micelle 
Formation.—The results of cryoscopy and 
ebullioscopy are given in Figs. 1, 2 and 3 
for dodecylammonium propionate, caproate 
and caprylate, respectively. The ordinate 
shows the van’t Hoff factor (z) and the absissa 
the square root of the molality of detergents. 

The values of van’t Hoff factors were 
larger than 1.0 in the lower range of con- 
centrations, and this concentration range is 
higher in the case of ebullioscopic result 
than in the case of cryoscopic one. These 
values, however, were not shown in these 

10 P.A. Winsor, Trans. Faraday Soc., 44, 455 (1948). 


11) H. Shiba and T. Imase, Sci. Paper Inst. Phys. 
Chem. Res., 7, 996 (1928). 
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Fig. 1. The relation between the van’'t 
Hoff factor and the molality of dodecyl- 
ammonium propionate. 
1A: at melting point 
1B: at boiling point 
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Fig. 2. The relation between the van’t 
Hoff factor and the molality of dodecy!l- 
ammonium caproate. 
2A: at melting point 
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Fig. 3. The relation between the van’t 
Hoff factor and the molality of dodecyl- 
ammonium caprylate. 
3A: at melting point 
3B: at boiling point 


figures. This seems to show that the deter- 

gent molecule decomposes as follows: 
[RCOO-][H;NR’]*+RCOOH+R’NHg. 

This is also suggested from the following 
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infrared spectroscopic observation. The in- 
frared spectra of dodecylammonium caprylate 
in carbon tetrachloride shows an absorption 
peak at 1753cm~' in the concentration of 
0.0046 mol./l. at room temperature. This 
peak is attributed to a carbonyl group of a 
free acid. In the concentration of 0.096 
mol./l. this peak becomes very weak. It is 
expected that decomposition process will take 
place up to the relative high concentrations 
at a high temperature, but it will do only in 
the lower ones at a low temperature. 

The curves of the relation between 7 and 
the concentration obtained from the cryos- 
copic method (1A, 2A and 3A) show a steep 
decrease at a certain range of concentration 
while at the higher concentration the values 
of @ were markedly reduced, indicating the 
formation of large aggregates. On the other 
hand, different from the case of the melting 
temperature, the curves 2B and 3B which 
were obtained from ebullioscopy show only 
a very slight decrease in z over a wide range 
of the concentrations. The curve iB shows 
apparently a moderate decrease, but since 
the values of z are still very much larger 
than those of 1A, it can be seen that the 
average degree of aggregation is very much 
smaller. 

The above comparison clearly shows the 
effect of temperature on micelle formation, 
though we cannot know the precise behavior 
at temperatures between the melting point 
and the boiling point. It is evident from Figs. 
1, 2 and 3 that at a low temperature (5°C), 
micelle formation begins to take place at a 
certain concentration, but at a high tempe- 
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rature (80°C) slight or no micelle formation 
takes place at least within the concentration 
range of the present experiment. 

The Effect of Temperature on Solubiliza- 
tion.—The relation between the maximum 
amount of water solubilized (S) and the con- 
centration of a detergent at 10°, 26° and 
40°C was plotted in Figs. 4, 5 and 6, respec- 
tively. The ordinate shows the S in mola- 
lity and the absissa the molality of a deter- 
gent. At 10°C the fairly slight solubility 
made the experiment of solubilization impos- 
sible for dodecylammonium caprate, octadecyl- 
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Fig. 4. 

The relation between the amount of 

water solubilized and the molality of 

detergent at 10°C. 
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The relation between the amount of water solubilized and the molality of detergent at 26°C. 
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g>w® 


ammonium propionate and higher concentra 
tions of dodecylammonium propionate. The 
experimental error of the S was -+0.01 and 
+-0.02 in molality at the lower and the higher 
S, respectively. The marks of circles, trian- 
gles and tetragons in Figs. 4, 5 and 6 
drawn somewhat larger than 
the experimental error. 

It is evident within the experimental 
accuracy that the S~concentrgtion relation 
is linear within the concentration range of 
this experiment, excepting the cases of 
higher concentrations of dodecylammonium 
butyrate and probably propionate at 10°C and 
the cases of dodecylammonium propionate at 
26°C and 40°C. That is, 


S=al C-—6 ie 


were 
the range of 


where, C=the concentration of a 
(molality), a, @=constants. 
The value of @ is referred to as the 
lizing power, and the value of § 
called the apparent critical micelle 
tration obtained from solubilization. 
Pink® has also observed this linearity, but 
the straight line passed the origin of the 
concentration. Provided that the detergent 
micelle is monodisperse, the value of S should 
be proportional to the micellar concentra- 
tion. Singleterry et al.” have reported that 
the micellar concentration is proportional to 
the total concentration of a detergent above 
a critical range. Thus it will be that 
the linearity, which was experi- 
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said 
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mentally between the S and the 


total 
centration of a detergent, is an evidence for 


con- 


the monodispersity of the micellar 
shape. 

However, the existence of the critical 
micelle concentration in a non-polar solvent 
may be open to discussion. Singleterry et 
al.'*> determined the critical micelle concen 
tration of Ca-xenylstearate in benzene with 
use of the fluorescent dye. Since it has 
been found that the existence of water 
changes the size and shape of micelles'’, the 
question arises whether the critical micelle 
concentration is determined by the extrapola- 
tion of the relation between the amount of 
the solubilizate and the concentration of a 
detergent in a non-polar solvent as in an 
aqueous one. But in this experiment the 
effect of water on the fluidity of a solution 
was not qualitatively observed as in that 
paper’’. Further, it is said that the effect 
of water on the size and shape of soap 
micelles disappears when the amount of 
water exceeds about two moles per one mole 
of a soap'’. The amount of water solubilized 
in this experiment exceeds this value in 
every case, as seen from values of @ of 
Table I. It might be, therefore, assumed 
that solubilized does not affect the 
size shape of micelles. Hence, the 
apparent critical micelle concentration was 
reasonably obtained by the extrapolation of 
the above linear relation. 

The valves of @w and £ obtained graphically 
from Figs. 4, 5 and 6 are given in Table | 
In the exceptional non-linear cases the for- 
mula can be applied in the lower concentration 
range, and the constants @ and f# can be 
similarly obtained. The values of § may 
not be sufficient for the quantitative discus- 
sion, considering from the standpoint of 
experimental accuracy. But the following 
qualitative conclusions are drawn from Table 


I. 


size and 


water 
and 


TABLE I 
CRITICAL MICELLE CONCENTRATION (C.m.c. ) 
AND SOLUBILIZING POWER AT DIFFERENT 

TEMPERATURE 

Bs C.m.c. a: Solubiliz- 

ing power 
(°C) 10 26 10 10 26 40 

Dodecylammonium 


Temperature (mol.;kg. solvent) 


propionate 0.002 0.002 0,005 5.7 7.2 8.1 
butyrate 0.003 0.018 0.020 9.4 4.6 9.2 
” cCaproate 0.018 0.020 0.025 3.7 2.9 2. 
” caprylate 0.020 0.025 0.025 3.0 2.8 2. 
” Caprate - 0.035 0.032 me 2.48 
Octadecylammonium 
propionate - 0.008 0010 — i: 10 


© 
vl 
~j 


» butyrate 0.005 0.027 0.028 8.0 
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At constant temperature the value of aw 
decreases and that of § increases with the 
increase of the carbon number. The increase 
of 6 corresponds to the experimental result 
obtained by Pink et al.'*?> They have re- 
ported that the number of molecules in the 
micelle decreases with increase in the length 
of the hydrocarbon chain in the case of a 
metal soap in toluene, though the value is an 
extrapolated one to infinite dilution at boil- 
ing temperature. 

Rise of temperature decreases the solubiliz- 


ing power except for the case of propionate 
and butyrate'*’ and increases the critical 
micelle concentration. The following quali- 


tative experiment was further carried out in 
order to ascertain the effect of temperature 
on solubilization. The value of S for benzene 
solutions of dodecylammonium propionate, cap- 
roate and caprylate was determined at 74°C. 
The amount was corrected for the solubility 
of water into benzene at the temperature. 
The corrected value was given in the 3rd 
column in Table II. Next, a certain amount 
of water was added to those solutions at 
25°C, and the turbidity was observed (4th 
and 5th columns). Then these solutions were 
brought and left to stand with occasional 
shaking in a bath of the temperature varied 
in the order of 40°, 25°, 10°C and then in the 
reverse order. Thus the turbidity was ob- 
served at each temperature. The results 
were independent of the direction of tem- 
perature change, and were listed in Table II. 


THE 


Maximum amount of 
water solubilized 


Detergent Concentration 


TABLE II 
SFFECT OE TEMPERATURE ON SOLUBILIZATION 
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Relation between Micelle Formation and 
Solubilization.-- The following facts are 
noticed in Table IJ. A benzene solution of 
the detergents solubilizes scarcely any water 
near the boiling point (74°C), though a con- 
centrated solution of dodecylammonium pro- 
pionate seems to solubilize a slight amount 
of water. The solution has a tendency to 
solubilize a certain amount of water, when 
the temperature is lowered. Slight or no 
solubilization near the boiling point and the 
marked increase at a lower temperature cor- 
respond to the values of higher and lower 
van’t Hoff factors at boiling and melting tem- 
perature, respectively. It is noticeable that 
in the case of dodecylammonium propionate 
the temperature dependence is reversed be- 
tween 40°C and 74°C. 


Summary 


Van’t Hoff factors of fatty acid salts of 
higher aliphatic primary amines in benzene 
were determined cryoscopically and ebullios- 
copically. Slight or no micelle formation 
takes place at boiling temperature, though 
it does take place at melting temperature. 

Solubilization of water into benzene by 
these detergents was measured at 10°, 26° 
and 40°C. With rise of temperature the 
critical micelle concentration obtained from 
solubilization increases and the solubilizing 
power decreases, though the _ solubilizing 
power of propionate and butyrate shows an 


anomaly. Solubilization and micelle forma- 


Amount of water 


added at Turbidity 


(molality) at 74°C (molality) 25°C (molality) 25 ~. Ww aad ane 

Dodecylammonium 0.174 0. 05+ 0. 02 0.91 - - L b+ 

propionate 0. 085 0.04+0°02 0. 52 t + + 
Dodecylammonium 0. 289 0.04+0. 03 0.71 - + ~ - 
caproate 0. 140 0. 00 0.31 - 
Dodecylammonium 0. 204 0. 00 0. 42 + - - 
0.17 PE +e ++ L 


caprylate 0. 095 0. 00 


Pascal strongly turbid, 


It is seen from Table II that the rise of 
temperature decreases solubilization of dode- 
cylammonium caproate and caprylate while 
it promotes solubilization of dodecylammonium 
propionate in the range of temperature from 
10° to 40°C, which are in accord. with the 
values of the solubilizing power of Table I. 


12) S.M. Nelson and R.C. Pink, J. Chem. Soc., 1952, 
1744. 

13 Palit et al.7) report that the solubilizing power at 
a definite concentration of dodecylammonium butyrate in 
toluene increases with rise of temperature ranging from 


to 40°C, 


turbid, + 








faintly turbid, 


tion determined here change parallel to each 
other with varying temperature. 
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to Mr. Hiroshi Tsubomura for the measure- 
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Effects of Quenching and Annealing in Manufacture of Fused Iron 
Catalyst upon Activity for Ammonia Synthesis and Potash Distribution 


By Hiroshi UcutpA and Naoyuki Topo 


(Received June 8, 


{ntroduction 


In the manufacture of an iron catalyst for 
the ammonia synthesis a molton oxide of the 
catalyst is usually allowed to cool in a vessel 
for melting, and the rates of cooling are 
mainly determined by the capacities of 
batches. The different rates are expected to 
modify grain growth as well as distribution 
of the promoters and to have considerable 


effect upon subsequent properties of the 
catalyst. The adequate rate is, therefore, an 
important factor to yield the catalyst of 


superior quality; but no paper, so far as we 
are aware, has ever been published on this 
subject. 

In the present work, catalysts of four 
different promoter compositions were sub- 
jected to different rates of cooling such as 
quenching, annealing and normal cooling, 
and the subsequent activities for ammonia 
synthesis were measured. In connection with 
this, the experiment involved the measure- 
ments of surface area after reduction of the 
oxide, and quantities of water-soluble potash, 
along with the observations of microscopic 
structure and electronic images? 

The quenched catalyst gave nearly the 
same activity with the normally cooled one, 
while the annealed catalyst a remarkably 
low one. The low activity has been to some 
extent explained in the light of information 
obtained from the present experiments on 
distribution state of the promoters in the 
catalysts. Moreover the present data for 
characteristic microscopic structures, electro- 
nic images and different quantities of water- 
soluble potash in the catalysts, etc. will 
provide us with more knowledge for better 
understanding of the role of the promoters. 


Experimental Procedure 


Preparation of Catalyst.—The catalyst em- 
ployed in this work contained the following diffe- 
rent promoters; 5% AlsO;, 1% KO, for Cat. No. 
1; 4% Al,0;3,1% CaO, 1% KsO for Cat. No. 2; 3% 
AlsO:, 2% SiO»s, 1% KsO for Cat. No. 3; and 3% 
AlsO;, 2%SiOv, 1% CaO, 1% MgO, 2.5% KsO for 
Cat. No. 4*. They were prepared by burning 

* The compositions are expressed in the weight per 


centages of promoters in catalysts, on the basis of exact 
oxidation of iron to FesQOs.. 


1955) 


mixtures of iron powder and promoters to fused 
iron oxides in oxygen within an iron container 
capable of holding about 1 kg. of oxides. Immedi- 
ately after the fusion, the oxides were subjected 
to different cooling procedures such as: (1) quench- 
ing by pouring water on the container, (Cat. No. 
q,); (2) cooling as usually practised (normal cool- 
ing), (Cat. No. c.); (3) annealing for forty hours 
in an electric furnace kept at about 1000°C before 
cooling to room temperature, (Cat. No. an.), 

Activity for Ammonia  Synthesis.—The 
synthesis was carried out with 3cc. of granules 
(1 to 2mm. diameter) of catalyst packed in a 
previously described converter” *, under a pressure 
of 100kg./cm?, at temperatures ranging from 300 
to 500°C, at a space velocity of 5x10*; and the 
exit gas from the converter was analyzed for 
ammonia content to give relative activity of the 
catalyst for ammonia synthesis. After a series 
of measurements, the pressure was reduced to 
normal pressure, thereafter the temperature being 
raised to 650C; and the catalyst was kept at 
this temperature for five hours, in a current of 
synthesis gas. Repeated series of measurements 
gave a measure of thermostability in terms of 
the decrease of activity before and after heating 
at 650°C. 

Microscopic Structure.—A _ preparation of 
thoroughly polished catalyst was observed under 
a microscope in both vertical and oblique illumi- 
nation, before and after etching by hydrochloric 
acid. In this observation, concavities produced 
by etching could more easily be distinguished by 
oblique illumination. 

Potash Soluble or Insoluble in Water.—H. 
Kobayashi” et al found that part of the potash 
in the catalyst dissolved in water, and that the 
remaining quantities were closely associated with 
the respective activities of the catalysts. In the 
present work the determination was made by the 
following procedure: a quantity of fine powder 
(finer than 100 mesh size) of the catalyst was 
soaked in water at the room temperature for 
periods of time, and the aqueous extracts were 
analyzed for potash content by means of a Perkin- 
Eimer’s flame photometer. 

Surface Area and Potash (+Lime) Concent- 
ration in the Surface of Reduced Catalyst.— 
The surface area and the potash concentration 
in the surface of the catalyst reduced at 500°C by 
hydrogen at norma! pressure were determined 


1) H. Uchida and M. Kuraishi, This Bulletin, 28, 106 
1955). 

* The converter produced ammonia in somewhat higher 
amount than the one packed with 20 cc. of the catalyst. 
2) H. Kobayashi and O. Nishijima, J. Chem. Soc. 
Japan ‘Ind. Sect.), 57, 189 (1954). 
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from the results of measurements of carbon di- 
oxide adsorption. The former was evaluated by 
the usual BET method applied to the physical 
adsorption isotherm at —78°C and the latter was 
expressed as a ratio of the amount of chemisorbed 
carbon dioxide to that of physically adsorbed at 

78. 

Electronic Image.—An electronic image from 
the polished surface of the oxide was observed 
at successive stages in the reduction of the oxide, 
by means of a microscope 
described in a previous paper*’. The reduction 
was carried out at 450°C in the electron microscope, 
through which hydrogen was passed. Immediately 
after the observation the specimen was removed 
therefrom to an optical microscope to contrast 
images in 


emission electron 


the emissive regions with the optical 
oblique illumination. 


Experimental Results 


Activity for Ammonia Synthesis.—The results 
summarized in Fig. 1, and show an out- 
standing common trend of activity among four 
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Ammonia concentration 


Reaction temperature, “C 


-ressure, 100kg./cm?, space velocity. 
5x 10.3 
x, Cat. No. 1, ©, Cat. Ne. 2, 
A, Cat. No. 3, C), Cat. No. 4. 
seeeees -- quenched catalyst, 


— normally cooled catalyst, 
—-—- annealed catalyst. 
(The activity of Cat. No. 2q coincided just 
with that of Cat. No. 2c.) 


Fig. 1. Results of ammonia synthesis. 


kinds of catalysts different in promoter composi- 
tion. Generally, the annealed catalyst tended to 
reveal much lower activity than the normally 
cooled one for the ammonia synthesis, but the 
quenched catalyst revealed the same. 

Catalyst No. 4 revealed the highest activity, 
while catalyst No. 3 the lowest. 


3 H. Uchida and N. Todo, This Bulletin, 27, 585 
1954). 

‘*Homogeneous structure’’ means the structure uni- 
formly resistive against etching. 
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The measurement of thermostability of catalysts 
subjected to different rates of cooling indicated 
that three catalysts of No. 2 series... No. 2q, 
No. 2c and No. 2an... were nearly the same in 
thermostability (Fig. 2). 
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3x 10%. 
, , before and after heating at 
650°C respectively. 
steeeene - quenched catalyst, 
normally cooled catalyst, 


annealed catalyst. 


space 


Fig. 2. Thermostability for Cat. No, 2. 


Microscopic Structure.—Cleavage facets of 
individual grains were visible, even by the naked 
eye, in catalysts No. 1, No. 2 and No. 4, but 
scarcely any were visible in No. 3. Catalysts 
No. 3 and No. 4 revealed microscopic structures 
very different from those of catalysts No. 1 and 
No. 2, which might be ascribed to the presencc 
of silica in the former. 

In the case of catalysts No. 1 and No. 2, the 
grain growth was not markedly restrained by 
quenching (Phot. 1 of catalysts No. lq), and the 
individual grains were locally etched to result in 
concavities in their interior (Phot. 2). Annealing 
modified the structure to develop large grains, 
whose diameter sometimes attained to 10 mm., and 
to make the oxide so resistive against etching as 
to be hardly ever attacked by hydrochloric acid 
but aqua regia causing figures seen in Phot.’s 3 
and 4 of catalysts No. lan and No. 2an. These 
photographs show the preservation of a ccempa- 
ratively homogeneous structure* over the whole 
grain. 

As previously described”, catalyst No. 3q con- 


taining silica with a small amount of potash 
revealed slag inclusions (according to Z. W. 


Wilchinsky®, a potassia-silica glass) (Phot. 5), 
which with an increased addition of potash were 
apt to take a more precise crystalline outline as 
shown in Phot. 7 of catalyst No. 4q. When the 
4) H. Uchida, N. Todo and K. Ogawa, Rpt. Gvun't. 


Chem. Ind. Research Inst. Tokyo, 46, 11 (1951). 
5) Z.W. Wilchinsky‘ Analyt. Chem., 21, 1188 (1949). 
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catalysts were annealed the inclusions tended to 
diminish their size and they partially disappeared, 
and the structure in the grain became more ho- 
mogeneous. These catalysts did not, however, 
attain to so homogeneous a structure as those of 
catalysts No. lan and No. 2an (refer to Phot.’s 6 
and 8 of catalyst No. 3an and No. 4an respec- 
tively). 

Potash Soluble or Insoluble in Water.—The 
rate of solution of soluble potash from catalyst 
No. 3 was found to be much slower than that 
from catalyst No. 2, requiring twenty hours for 
completion. Therefore, insoluble potash contents 
isted in Table I are given as ratios of the amount 


TABLE | 
INSOLUBLE POTASH, SURFACE AREAS, AND 
SURFACE CONCENTRATION OF POTASH 
(+LIME) 


Surface 

concent- 

ration of 
potash 


No. lq 0.91 18.8 15. 6 0.64 
No. le 0. 88 56. 15. 0. 68 
No. lan 0. 89 7.8 i. 0. 42 
0.90 30. 17. 0. 49 
0.93 88. ee: . SD 
0. 87 i. 12. . 51 
0.94 87. 12.0 . 36 
0. 95 63. 7.4 , 36 
2. 43 93. 2 17.4 . 54 
2. 40 68. 6 14.1 0. 58 


a): ratio of the amount of potash remaining 
in catalyst soaked in water for 20 hours to 
the total potash. 


b): surface area per g. of reduced catalyst. 


Surface 
area 
m?/g.b) 


Total Insoluble 
potash potash 
wt. % % ad 


Catalyst 


No. 2q 
No. 2c 
No. 2an 
No. 3q 
No. 3an 
No. 4q 
No. 4an 


of potash remaining in catalyst soaked in water 
for twenty hours to the total amount originally 
contained. 

Catalysts No. 1 and No. 2, when normally 
cooled, contained the greatest quantity of insoluble 
potash, whereas annealed ones the least. Similarly, 
in the case of catalysts No. 3 and No. 4, the 
quenched catalyst contained a greater quantity of 
insoluble potash than the annealed one. In addition, 
it is here worth noticing that the quantity varied 
remarkably according to the promoter composition, 
namely, it was somewhat or considerably increased 
by the addition of lime or silica respectively. 

Soluble potash seems to come from potash exist- 
ing as a separate phase® in the catalyst. The 
soluble potash gave no sign of dissolving as an 
aluminate, for no aluminium ion could be detected 
in the aqueous extracts. Potassium may also be 
present as potassium ferrite®”) but its dissolution 
as such seems to be improbable*. 


6) L.R. Maxwell and J.S. Smart, J. Chem. Phys., 19, 
303 (1951). 

7 R. Brill, ‘‘Sitructure and Properties of Solid Sur- 
faces’’, The University of Chicago Press (1953), p. 437. 

* The potash in a catalyst containing potash only 
(0.93%) also comprised two kinds, i.e. soluble and in- 
soluble. The insoluble potash amounted to 70.6% of 
the total potash, 
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Surface Area and Potash (+Lime) Concent- 
ration in the Surface of Reduced Catalyst.— 
The results are presented in Table [. For all 
kinds of catalysts, the slightly less was found on 
the quenched and the remarkably small on the 
annealed.’ So far as a catalyst of a definite pro- 
moter composition was concerned, the surface area 
as well as the activity remained nearly constant 
independently of the varying quantities of insolu- 
ble potash till the quantity lowered to a certain 
value (18.8% and 30% of the total potash with 
catalysts No. 1 and No. 2 respectively), but both 
of them diminished remarkably with the further 
decreasing quantity (7.8% and 17%). 

Among catalysts No. 1, No. 2 and No. 3, the 
catalysts No. 3 gave abnormally small values of 
surface concentration of potash, despite their 
equal potash contents. 

Both quenching and annealing exerted so slightly 
important an effect upon the surface concentration, 
that the concentration remained nearly unchanged 
by these procedures (Table I). This result may 
be interpreted to indicate that the soluble potash 
in the annealed catalysts hardly at all segregates 
along the grain boundaries but the greater part 
remains in the interior of grains, since the seg- 
regation would give rise to a decrease inpotash 
content in the interior and consequently the smaller 
surface concentration*. 

How could the potash dissolve into water from 
the interior of such large grains as those of the 
annealed catalysts? To solve this problem the 
following observations were conducted. 

Although the optical microscopic structure 
of the grain in the annealed catalyst seems 
homogeneous (Phot. 4), a replica stripped from 
the etched surface revealed in an electron micro- 
scope many finer grains (sub-grains) as well as 
narrower grain boundaries between those grains 
(Phot. 9). These boundaries, considering their 
poor resistance to acid, seemed to be rich in 
potash and might be considered to offer paths 
for potash to dissolve out from the interior of 
the grain. This hypothesis could be confirmed 
with the results given in Table II, which revealed 
marked increase of the surface area and simult- 
aneously appreciable decrease of the surface con- 
centration after dissolution of soluble potash. 


TABLE II 
CHANGE OF SURFACE AREA AND SURFACE 
CONCENTRATION OF POTASH (+LIME) 
AFTER DISSOLUTION OF POTASH 


Surface area Surface concent- 
m?/g. oxide ration of potash 


No. lan 0.58 0. 89 
No. lan after . 02 0. 06 
dissolution 

No. 2an .50 
No. 2an after 5 - 


Catalyst 


0. 62 
0.19 


dissolution 


* As the grain interiors, not the grain boundaries, 
occupy the major part of the catalyst, the measured 
surface concentration may be chiefly dependent on the 
surface concentration of the individual fine particles of 
iron produced by reduction in the interior. 
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he ee * . > —_ . 
Phot. 10. Electronic image, Phot. 11. Electronic image, Phot. 12. Optical image, 


oxide, 800 C. Cat. No. lq, after reduced Cat. No. 1q, after electr. 
x 50 for 5 min., 880°C. image observation. 


Cat. No. lq 


1 


Phot. 13. Electronic image, Phot. 14. Electronic image, Phot. 15. Electronic image, 
Cat. No. 2an, oxide, 840°C. Cat. No. 2an, after reduced Cat. No. 3q, oxide, 900°C. 
for 5 min., 760°C. 


Phot. 16. Electronic image, Phot. 17. Electronic image, Phot. 18. Electronic image, 
Cat. No. 3an, oxide, 940°C. Cat. No. 4q, oxide, 760°C. Cat. No. 4q, after reduced 
for 5 min., 780°C. 
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Phot. 19. 
Cat. No. 4q, after electr. 


image observation. 


Electronic Image.—The oxide, even after 
comparatively prolonged heating, gave substanti- 
ally unchanged electronic images. After reduc- 
tion of the catalysts, the brighter images still 
remained without any remarkable change, but 
the new weaker images appeared homogeneously 
over wide regions on the section. 

The electronic images of the normally cooled 
catalysts No. 1 and No. 2* were not markedly 
different from those of the respective quenched 
catalysts, but the appreciably different ones were 
observed with the annealed. The electronic 
images of the quenched catalysts of No. 1 and 
No. 2 are exemplified by Phot.’s 10 and 11 of 
catalyst of No. lq. The images from the oxide 
appeared not only in regions where cracks were 
produced by reduction but also in the interior 
enclosed by the cracks (compare Phot. 10 with 
Phot. 12). With the progress of reduction the 
images from the interior tended usuaily to become 
weaker and simultaneously to impart homogeneous 
appearance to the grain, as is seen in Phot. 11, 
and exhibit strong emission coming from the 
cracks. In the case of annealed catalysts, the 
emission hardly ever took place in the interior 
of grains, but mainly in the grain bound aries 
and/or narrower grains existing between the well 
grown grains as shown in Phot. 13 of catalyst 
No. 2an. After reduction of the catalysts, the 
weaker homogeneous images appeared in the in- 
terior of grains (Phot. 14). 

The electronic images from the catalysts con- 
tainirg silica were previously®) indicated to be 
very different from catalysts No. 1 and No. 2. 
Catalysts No. 3q did not easily emit the electrons 
and higher temperatures were required to produce 
the image. The catalysts gave weaker and 
homogeneous images from all over the section, to- 
gether with slightly stronger emissions from the 
slag inclusions (Phot. 15). The images from 
catalysts No. 3an (Phot. 16) were not very different 
from those from catalyst No. 3q, which would be 
expected from comparatively smaller difference 
between their microscopic structures. 

Catalyst No. 4 gave the images at the tempera- 
ture considerably lower than that for catalyst 
No. 3. The images of quenched-catalyst No. 4q 


* 


Refer to photographs in our preceding paper®). 
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Phot. 20. 
Cat. No. 4an, oxide, 800°C. 
x50 


Electronic image, 


appeared in the crystalline inclusions seen in the 
microscopic structures (Phot. 17), and even after 
reduction they were invariably visible together 
with newly appearing weaker images from other 
regions (Phot. 18). The reduction, however, pro- 
duced cracks around the inclusions (Phot. 19), 
which might be interpreted as indicating the 
grain boundaries to exist in the immediate neigh- 
bourhood of the inclusions. When the catalyst 
was annealed, the electronic images varied from 
those of the quenched, corresponding to the varia- 
tion in microscopic structure, thus appearing at 
new etch marks of parallel orientation shown in 
Phot. 8 and simultaneously in the remaining 
inclusions (Phot. 20). 


Discussion 


Catalytic Activity and Surface Area.--The 
catalytic activity is to be directly correlated 
with the surface structure of the reduced 
catalysts. Actually, the surface area was 
found to be remarkably diminished by an- 


TABLE III 

RELATION BETWEEN DECREASE OF ACTI- 

VITY AND DECREASE OF SURFACE AREA 
BY ANNEALING 

Apparent energy 


” Aan, A : : 
Catalyst of activation A so Ne San/Sq 
. (425°C) 
kcal. /mol. 
' 50. 
No. Iq 50. 1) 0. 669 0.750 
No. lan 19. 8) 
No. 2q 37. 4) 0.716 0.739 
No. 2an 39. 4) 
a tS 
No. 3q Si. . 0. 803 0.616 
No. 3an 19. 6) 
No. 4q a2. 1 0. 672 0.810 
No. 4an 39.7) 
Aan, Aq: valuesof A at 425°C for annealed 


and quenched catalysts respectively. 
San, Sq: surface areas for annealed and 
quenched catalysts respetively. 


* Values of A were obtained by substituting in Arr 
henius’ Equation values of k& calculated by Temkin 
Pyzhev's Equation, and & from Arrhenius’ plots of k's 
at 350, 400 and 425°C. 
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nealing, with simultaneous decrease of the 
activity. More quantitatively speaking, the 
degree of activity decrease with the diminish- 
ing surface area may be more reasonabiy 
expressed by the ratio of the frequency fac- 
tors, A, of Arrhenius’ Equation (k= Ae-”/"") 
than by the ratio of the rate constants, k, 
since the frequency factor term involves the 
number of active sites which is intimately 
correlated with the surface area of catalyst. 
The ratios of A’s* are listed in Table III. 
In the case of catalyst No. 1, No. 2 and No. 
4, it appeared from the table that the acti- 
vity was decreased by annealing, approxi- 
mately in proportion to the decrease in 
surface area*. Compared with these cata- 
lysts, the catalysts No. 3 also showed a 
decrease in activity but it was less than the 
decrease in surface area. 

The difference in surface area between 
individual reduced catalysts is mainly due 
to the difference in size of fine particles 
produced by reduction in the interior of 
grains rather than in the grain boundaries, 
because the grain boundaries occupy only a 
part of the catalyst. Within the grains, the 
extent of particle growth during reduction 
is expected to be differently restrained by 
the distribution states of the promoter such 
as alumina and silica. 

Unfortunately, details of the distribution 
can not be established with certainty from 
the available experimental results, but the 
observations on the electronic images from 
the catalysts can give some knowledge of 
the potash distribution, and further, when 
combined with the other results, may lead 
us to a better understanding of the different 
extents of particle growth between the 
quenched (+normally cooled) and annealed 
catalysts. 

Potash Distribution and Surface Area. 
From the fact that the oxide gives substan- 
tially unchanged electronic images after 
prolonged heating, it may be _ reasonably 
assumed that the insoluble potash, i. e. potash 
combined strongly as potassium aluminate’, 
silicate? and ferrite*” in the oxide, is res- 
ponsible for the images. Under this assump- 
tion, it follows that the interior of grains in 
the quenched and normally cooled catalysts 
... the interior where the images were frequ- 
ently observed...must be abundant in in- 


* This does not necesarily means the nearly constant 
intrinsic activity, irrespective of annealing, per uni 
surface area. However, the surface concentration of 
potash and the apparent activation energy (Table II & 
III), remaining unchanged by annealing, are suggestive 
of this constant activity. 

fal S. Brunauer and P.H. Emmett, J. Am. Chem. Soc., 
62, 1732 (1940). 
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potash, while the same regions im the an- 
nealed catalysts, No. lan and No. 2an must 
hardly contain any insoluble potash”*. 

To the extent that the catalysts No. 1 
and No. 2 are concerned, the results obtained 
in the present experiment are summarised 
with a special regard to the insoluble potash, 
as follows: the catalysts comparatively rich 
in insoluble potash, such as the normally 
cooled and the quenched, reveal the inhomo- 
geneous microscopic structure as well as the 
electronic images in the interior of grains; 
and when reduced, larger surface area. This 
fact may be interpreted to mean that the 
insoluble potash of the quenched and nor- 
mally cooled catalysts, existing probably as 
aluminate and ferrite within the grain, pre- 
vents the formation of a perfect solid solution 
of Fe,O, and FeAl.O, spinel, resulting in the 
less homogeneous structure**, but its practical 
absence within the grains of annealed catal- 
yst favours the formation. The less homo- 
geneous structure may be considered to offer 
more obstacles against free migration of 
reduced iron atoms during reduction than 
the homogeneous and to restrain the particle 
growth, resulting in the larger surface area. 
However, since the structure of the mixed 
crystal of Fe,O, and ferrite or aluminate of 
potassium has not yet been clarified at pre- 
sent, a satisfactory explanation can not be 
expected. 


Promoting Effect of Lime and Silica.— 
An addition of lime has made the microscopic 
structure as well as electronic images of the 
interior of grains more heterogeneous and 
potash more insoluble. For the reason des- 
cribed in the preceding paragraph, a large 
surface area is what can be expected of 
catalyst No. 2 containing lime. 

Silica exerted upon the structure of catal- 
ysts peculiar effect such as, marked decrease 
of surface concentration of potash, appear- 
ance of slag inclusion and a peculiar X-ray 
diffraction line between (333) and (440) lines 
on Debye-Scherrer’s diagram of Fe;0., and 
so forth. The results obtained with the 
catalysts containing silica gave sometimes a 
contradictory evidence (the higher activity 
of catalysts No. 4 than catalyst No. 2 of 
equal surface area, the comparatively small 
surface area of catalyst No. 3 containing a 


a 


* After reduction, the two kinds of potash, soluble 
and insoluble, in the oxides seem no longer to behave 
differently in the interior of grain, both giving the stable 
and homogeneous images over the grain and accumulat- 
ing, as described in the foregoing chapter, on the surface 
of fine particles of reduced iron. 

** In this respect unmixed solid solution of potassium 
aluminate in FesOs was pointed out by Wyckoff and 
Crittenden (J. Am. Chem. Soc., 47, 2866 (1925), refer 
to 6)). 
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great amount of the insoluble potash) against 
the phenomena that were observed with 
catalysts No. 1 and No. 2. From these 
results, promoting effects quite different from 
those of alumina may be expected of silica, 
and further they show promise for their 
fruitful application in the catalyst manufac- 
turing, as realized with the highly active 
catalyst No. 4. However, since the experi- 
mental data so far obtained remain insuffi- 
cient to permit close insight in its promot- 
ing action, further investigation is now in 
progress. 


Summary 


Catalysts of four different promoter com- 
positions ...5% Al,O;, 1% K.O for catalyst 
No. 1; 4% AIl.O;, 1% CaO, 1% K,O for No. 
2: 3% Al.O;, 2% SiO., 1%K,O for No. 3; and 
3% Al.O;, 2% SiO., 1% CaO, 1% MgO, 2.5% 
K.O for No.4... were subjected, immediately 
after their fusion, to different cooling rates 
such as quenching, annealing and normal 
cooling. 

Among the differently cooled catalysts, the 
annealed catalyst tended to reveal much 
lower activity for ammonia synthesis than 
the normally cooled one, but the quenched 
catalyst revealed the same. 

The characteristic microscopic structures 
ot catalysts of different promoter composi- 
tions were more or less markedly modified 
by annealing to develop large and structually 
more homogeneous grains, and part of the 
potash in these catalysts dissolved in water 


‘of silica on 
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more or less remarkably according to the 
promoter composition as well as the cooling 
rate. In other words, the amount of insolu- 
ble potash in the catalysts was increased 
somewhat or considerably by the addition of 
lime or silica respectively, and the greatest 
quantity was found in the normally cooled 
catalysts while the smallest was in the 
annealed. After the reduction of differently 
cooled catalysts, the largest surface area was 
exhibited by the normally cooled catalyst, 
and the smallest by the annealed, but the 
surface concentration of potash (+lime) was 
nearly the same for three differently cooled 
catalysts. The catalysts of different pro- 
moter composition revealed also their charac- 
teristic electronic images. After annealing, 
the images from the interior of grains dis- 
appeared in the case of catalysts No. 1 and 
No. 2. but such disappearance was less re- 
markably found with catalysts No. 3 and 
No. 4. 

From the results obtained, the interpreta- 
tion of the decrease due to annealing of 
catalytic activity has been intended on the 
basis of the distribution state of the pro- 
moters. Some of the effects exerted by the 
addition of lime can be explained on the same 
basis, but the peculiar effects of the addition 
both activity and = structure 
remains unexplicable despite the promising 
effect for manufacture of the highly active 
catalyst. 


Government Chemical Industrial 
Research Institute, Tokyo 


Diphenylcarbazone as an Internal Indicator in Volumetric Analysis. 
Determination of Molybdenum by Lead Nitrate 


By G. S. DESHMUKH 


(Received January 6, 


In quantitative analysis molybdenum is 
usually determined by its prior reduction to 
the lower valence stage and subsequent 
oxidation to the stable hexavalent form by 
i suitable powerful oxidant’. In view of 
the special precautions necessary in these 
titrimetric procedures, the precipitation of 
molybdenum oxinate and its weighing is 


1) N.H. Furman and W.M. Murray, J. Am. Chem. 
Soc., 58, 1689 (1936). 

2) R.E. Oesper, ‘‘ Newer Methods of Volumetric 
Chemical Analysis’, Chapman & Hall (London), (1938) 


pp. 94, 148, 176. 
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considered more convenient and accurate® 
This classical method still lacks the advan- 
tage of simplicity and rapidity so essential 
in routine analysis. It is known that Pb and 
Mo interfere in the colorimetric detection of 
Hgt* by diphenylcarbazone due to the de- 
velopment of an intense pink colour by these 
ions with the reagent*’?. Evans reported the 


3) A.I. Vogel, ‘‘A Text Book of Quantitative Inor 


ganic Analysis,”’ Longmans Green & Co., (1945), p. 
523-24. 
4) F. Feigl, ‘‘ Qualitative Analysis by Spot Tests” 


Elsevier Publishing Co. Inc., New York, (1947), p. 48. 
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use of diphenylcarbazide in the titration of 
lead nitrate against molybdate®. The end 
point is arrived at by running lead nitrate 
into the molybdate solution. According to 
him, the pink colour produced by the reac- 
tion of carbazone with lead is not easily de- 
stroyed by most precipitants. It was how- 
ever, interesting to note that the colour de- 
veloped by the addition of diphenylcarbazone 
to the neutral or faintly acidic solution of 
lead salt is destroyed on treatment with am- 
monium molybdate. The precipitate thus 
obtained does not show any other shade 
excepting a light orange yellow due to the 
indicator itself but turns pink sharply dur- 
ing the slow addition of molybdate at a stage 
when lead is completely precipitated. Al- 
though diphenylcarbazone has been employed 
as an internal indicator in mercurimetric’”? 
and other? titrations, its use in the deter- 
mination of molybdenum by lead nitrate has 
not been reported in the literature of this 
subject. This possibility was therefore in- 
vestigated in some detail and the results 
obtained thereof are presented in this com- 
munication. 


Experimental 


Ammonium molyhdate solutions of various 
concentrations were prepared by dissolving ap- 
propriate quantities of Merck’s sample in water. 
The molybdenum content of an aliquot portion of 
the was determined by the oxinate 
method». The nitrate 
contained an accurately weighed Merck’s guaran- 
teed reagent in 500ml. of water to which 2-3 
drops of nitric acid addéd to prevent 
hydrolysis. The concentration of the solution was 
checked by the lead chromate method. A satu- 
rated alcoholic solution of diphenylcarbazone was 


solution 


standard lead solution 


were 


used as the indicator. 

To Pb (NOsz3)o 
indicator was added equivalent 
volume of alcohol and the pink coloured solution 
was titrated slowly with constant vigorous stirring 


2ml. of the 


followed by an 


1O ml. of about 1- 


DESHMUKH 


[Vol. 29, No. 1 


against ammonium molybdate. The pink colour 
was discharged during the initial stage of the 
titration with the formation of lead molybdate. 
The colour appeared momentarily with a further 
dropwise addition of molybdate but vanished im- 
mediately on swirling the contents. The end 
point was characterised by a rapid coagulation of 
the precipitate and the appearance of a sharp 
permanent pink flush. From a knowledge of the 
amount of Pb in the standard lead nitrate solution 
and that of molybdenum in the requisite volume 
of the titrant, the molar ratio Pb: Mo was cal- 
culated. The 1:1 ratio obtained indicated that 
the end point in the above titrimetric procedure 
corresponds to the quantitative formation of Pb 
(MoO,). Under thé specified experimental condi- 
tions it is therefore possible to determine molyb- 
denum volumetrically by using lead nitrate as a 
primary standard. Data obtained over a fairly 
wide range of molybdenum concentration is re- 
turned in Table I. 

Besides the sharp change of the _ indicator 
colour, its complete reversibility offered an 
ditional advantage of rectifying errors due to over- 
titration. Compared with other classical methods 
of molybdenum determination, the outstanding 
feature of the present procedure is its simplicity, 
reproducibility and accuracy 

The author wishes to express his sincere thanks 
to Professor S. S. Joshi for facilities and to the 
National Institute of Sciences of India for award 
of a research fellowship. 


ad- 


Summary 


The use of diphenylcarbazone as an inter- 
nal indicator in the volumetric determina- 
tion of molybdenum by standard lead nitrate 
solution is suggested. The end point is 
characterised by the sharp appearance of a 
permanent pink colour when molybdate is 
run into the lead solution and corresponds 
to the formation of Pb (MoO,). The colour 
change is completely reversible and errors 
due to overtitration are therefore eliminated. 


Banaras Hindu 


University, Banaras, India 


Chemical Laboratories, 


TABLE I 


Wt. of Pb(NOs3)o Vol. of Pb 
in 500 ml. soln. taken 
g. ml, 


Expt. 
No. 


6. 3336 5.0 
10.0 
” 20.0 
5. 6900 10. 
” 20. 
” 10. 
6. 3330 20. 
12. 660 20. 
5) B.S. Evans, Analyst, 64, 2 (1939). 


6) J.V. Dubsky and J. Trtilek, Mikrochem., 12, : 
(1933). 


molybdate 


Wt. of Mo (g.) Diff. 


Vol. of 
caled. found 

by oxinate by Pb(NO3)o 

1, 0. 01830 0.01834 +0, 00004 

8.! 0. 03661 0. 03669 . 00008 
0. 07323 0. 07338 . 00015 
0. 03271 0. 03212 . 00059 
0. 0654 0. 06585 00045 
0. 1317 0. 13168 . 00002 
0. 07331 0. 07338 . 00007 
0. 1477 0. 1468 . 0009 


reqd. ml. 


7) J. Trtilek, Coll. Czech. Chem. 
(1938). 
8) G.S. Deshmukh, Bulli. Chem. Soc. 


Comm., 10, 242 


27, 623 (1954). 
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Analytical Chemistry of Beryllium. VI. 


VI. 8-Hydroxyquinaldine as a 


Reagent for Determination of Beryllium 


By Kenji MOTOJIMA 


(Received July 8, 1955) 


Introduction 


8-Hydroxyquinaldine, one of the derivatives 
of 8-hydroxyquinoline, ‘oxine”, was found 
to be used as a favourable analytical reagent 
for the determination of beryllium. There 
has been reported no adaptable organic re- 
agent to determine beryllium, and it has been 
desired to discover such a preferable reagent 
as oxine in the determination of aluminum, 
so the author firmly believes that the analy- 
tical method of beryllium based upon the use 
of this new reagent, is the most valuable. 
It was found possible to determine, both 
gravimetrically and volumetrically, 2 to 10 
milligrams of beryllium. The methods to be 
described are simple, rapid, and accurate. 

In general, 8-hydroxyquinaldine is very 
similar to oxine in its analytical properties, 
except that it does not precipitate aluminum 
neither in acetic acid-acetate nor in am- 
moniacal solutions”. As regards beryllium, 
although it has been reported that 8-hydroxy- 
quinaldine forms no quantitative precipitate 
in ammoniacal solutions”, it gives well-defined 
yellow crystalline precipitate, which fluoresces 
strongly under ultraviolet light with a green 
color, as shown in Fig. 1, and this precipitate 


Fig. 1. 


1) L.L. Merritt, J.K. Walker, Ind. Eng. Chem., Anal. 
Ed., 16, 387 (1944). 


dried when either in a desiccator over sulfuric 
acid at room temperature, or in a drying 
oven at 110°C, corresponds to the formula 
Be(C,;oHeNO)s. 

The following equation, with the beryllium 
compound represented as a possible chelate, 
best describes the reaction involved. 


CH,—! 


In the development of a volumetric method 
for the beryllium, use is made of the fact 
that the reagent can be quantitatively brom- 
inated in hydrochloric acid medium, such as 
oxine? 


Reagents 


Preparation of 8-Hydroxyquinaldine.—Crude 
8-hydroxyquinaldine was prepared by a method 
similar to that described by Phillips and his 
coworkers”, and the purification was made by 
the following procedure. 


Microphotograph of beryllium precipitate of 8-hydroxyquinaldine (x 260). 


A: In ordinary light. B: In ultra-violet light. 


2 J.P. Phillips, J.E. Emery. 1.P. Price, Anal. Chem., 
24, 1033 (1952). 
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Dissolve 20g. of crude 8-hydroxyquinaldine in 
109ml. of glacial acetic acid by warming, dilute 
to 11. with water, and remove the insoluble ma- 
terials by filtering. Heat gently this filtrate to 
70°C, and add 70 ml. of 1M cupric sulfate solution 
and 150ml. of 2N ammonium acetate solution. 
Allow to stand for half an hour on water bath 
to digest the precipitate of 8-hydroxyquinaldine 
complex of copper. Collect the precipitate, wash 
several times with hot water and then dissolve 
in the smallest possible quantity of hot hydro- 
chloric acid. Then dilute to 500ml. with water, 
heat to boiling, pass hydrogen sulfide into the 
solution to precipitate copper as sulfide, and filter. 
Boil the filtrate gently to remove the dissolving 
hydrogen sulfide, cool, nearly neutralize with con- 
centrated sodium hydroxide solution and make 
slightly alkaline with sodium bicarbonate. By 
steam distillation of the resulting mixture, pure 
8-hydroxyquinaldine comes over. More purified 
product for use in this investigation is obtained 
by recrystallization from 609 ethyl alcohol, of 
which melting point is 73° to 73.5°C. 

The recovery of this reagent can be made by 
the above procedure. 

8-Hydroxyquinaldine Solution.—In 
glacial acetic acid 2g. of the reagent was dissolved 
by heating, and diluted to 100ml. with distilled 
week or 


{ml. of 


water. This solution is stable for a 
longer. 

Standard Beryllium Solution.—About 1l4 g. of 
beryllium basic acetate, purified by vacuum subli- 
mation”, was treated with 40 ml. of sulfuric acid 
(1:1), heated gently to remove most of acetic 
acid, and then the volume was brought to 250 ml. 
Estimation of beryllium contained in this solution 
was made by the ordinary beryllium oxide method. 
Working solution was prepared by exactly dilut- 
ing 100ml. of this solution to 11. with distilled 
water. , 

Standard Potassium Bromate-Bromide Solu- 
tion, O.1 N.—Exactly 2.784g. of C.P. potassium 
bromate and 10g. of C. P. potassium bromide were 
dissolved in distilled water and diluted to 11. 

Standard Sodium Thiosulfate Soulution, O.1 
N.—About 25g. of reagent grade sodium thio- 
sulfate were dissolved in 11. of distilled water. 
The standardization of this solution was made by 
using the above 0.1 N potassium bromate-bromide 
solution. 

Other Reagents.—The other reagents 
prepared from reagent or C.P. grade chemicals. 


were 


Properties of Beryllium Precipitate of 
8-Hydroxy quinaldine 


Thermal Stability.—The precipitate of beryl- 
lium 8-hydroxyquinaldine complex could be dried 
to constant weight in an hour at 110°C, and by 
further heating at this temperature for several 
hours, no decrease of the weight was found. Even 
when it was heated at 150°C for an hour, the 
decrease of the weight was less than 1 per cent. 

Composition.—The fact that the composition 
of this precipitate has a formula Be(C;jHsNO)z, 


3) M. Ishibashi, K. Motojima, J. Chem. Soc. of Japan, 
(Pure Chem. Sec.), 72, 100 (1951). 
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was certified by the following estimations of both 
amounts of beryllium and 8-hydroxyquinaldine 
which are present in the precipitate dried at 110°C. 
Beryllium was gravimetrically determined as BeO 
by igniting the precipitate in the platinum crucible 
The results are shown in Table I. 


TABLE I 
AMOUNT OF BERYLLIUM IN THE PRECIPITATE 
Preci- 
pitate 
taken, 


; BeO Be 
Sample found, in the precipitate 
g. g. % 

0. 0384 0. 0138 2.70 
0. 0432 0. 0156 2.80 

0. 0381 0. 0137 


» 
“heoretical value for Be(CjHsNO)s = 2. 


The amount of 8-hydroxyquinaldine was titrated 
after dissolving the precipitate in hydrochloric 
acid, with standard solution of potassium bromate 
bromide”. Table II gives the results. 


TABLE II 
AMOUNT OF 38-HYDROXYQUINALDINE IN 
THE PRECIPITATE 
(l ml. of 0.1N KBrO,=0.003980 ¢. of 
8-Hydroxyquinaldine) 

Preci- O.IN 
pitate KBrO, 
taken, wanted, 

g. ml. g. 
0.1912 1. 76 0. 1861 97 
0. 1867 15. 54 0. 1812 97 
0. 0922 0. 0907 98, < 
Theoretical value for Bei(CjHsNO)s 97.85 


3-Hydroxyquinaldine 


Sample in the precipitate, 


29 2 


As may readily be seen from Tables I and II, the 
results obtained in the analysis of the precipitate 
very closely correspond with the theoretical values. 
Further proof of the validity of this structural 
formula is found in the fact that 0.02770, the 
theoretical value of the gravimetric factor for 
beryllium in Be(CjHsNO),, was used in all cal- 
culations with good results. In addition, the fact 
that this precipitate is soluble in chloroform is 
enough to assume that this compound has no 
bound water”. 


Effect of pH upon Precipitation 


The optimum pH range for complete beryllium 
precipitation was studied, and the following ex- 
periment was performed to accomplish this. 

To 10ml. of the standard beryllium solution, 
containing 5.10 mg. of beryllium, 5ml. of 4N am- 
monium chloride solution, 5ml. of 10% sodium 
tartrate solution and various amounts of 4N am- 
monium hydroxide were added. The _ solution 
was diluted to about 50ml. with distilled water, 
heated to 60°C on water bath, and then 12 ml. of 
8-hydroxyquinaldine solution was added drop by 
drop with stirring. The precipitate was digested 
for about half an hour, filtered through a sintered- 


4 F. Feigi (Translated by P.E. Oesper), 
of Specific, Selective and Sensitive Reactions’ 
p. 184. 


‘* Chemistry 
1949), 
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glass filter crucible (porosity No. 4), washed with 
dilute ammonium hydroxide (1: 100), dried at 110°C 
to constant weight, and weighed, while the pH of 
filtrate was determined by Beckman glass electrode 
pH meter Model H2. The per cent precipitate 
was plotted against pH as shown in Fig. 2. 


100 
° 
80 
3 w 
~ = 
20 
6 7 8 9 10 
pH 
Fig. 2. Effect of pH on precipitation of 


beryllium 8-hydroxyquinaldine complex. 


From the curve, shown in Fig. 2, it can be 
seen that the pH range of complete precipitation 
is between 7.5 and 9.2. 


Gravimetric Determination 


A number of beryllium determinations in which 
various amounts of beryllium were present, were 
made following gravimetric procedure. 

Procedure.—To a solution containing from 2 
to 10mg. of beryllium, add 5 ml. of 4N ammonium 
chloride solution and 5 ml. of 10% sodium tartrate, 
and then the volume is brought to about 50ml. 
The solution is heated to from 60° to 70°C, and the 
pH is brought up to about 9 with 2N ammonium 
hydroxide, thymol blue test paper being used. 
Then, sufficient amount of 8-hydroxyquinaldine 
solution is added, dropwise with stirring, so as 
to contain from 20 to 30 per cent in excess of 
the amount necessary to precipitate completely 
the beryllium present in solution. The resulting 
precipitate is digested at this temperature for 
about half an hour, to facilitate crystallization 
of the precipitate, and then, the precipitate is 
filtered through a weighed sintered-glass filter 
crucible (porosity No. 4), washed several times 
with small portions of dilute ammonium hydroxide 
(1:100), and dried at 110°C to constant weight, 
which will be obtained in about half an hour. 
The weight of beryllium present in the sample 
is calculated by multiplying the weight of pre- 
cipitate by gravimetric factor 0.02770. 

In the above procedure, a large amount of 
tartrate must not be added, because it prevents 
the coagulation of precipitate. On the other 
hand, beryllium precipitate can also be prepared 
without addition of sodium tartrate by following 
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modification of procedure. To a warmed sample 
beryllium solution, containing ammonium chloride, 
firstly add 8-hydroxyquinaldine solution and then 
raise pH to 9 by the adding of dilute ammonium 
hydroxide, drop by drop with stirring. The 
precipitate is treated similarly as before. 

Some of the results are shown in Table III. 


TABLE III 
GRAVIMETRIC DETERMINATION OF BERYLLIUM 
Weight 


Beryllium ome Beryllium ‘ 
rot jong of preci- Sone Error, 
pitate, : 

mg. g. mg. mg. 
2.55 0. 0926 2.57 +0. 02 
2. 30 0. 0917 2.54 0. 01 
5. 10 0. 1820 5. 04 0. 06 
5. 10 0. 1857 5.11 +0. 01 
5. 10 0. 1840 5.10 0. CO 
5.10 9. 1828 5. 06 -0. 04 
5. 10 0. 1825 5. 06 0. 04 
10. 20 0. 3634 10. 07 0.13 
10. 20 0. 3723 10. 31 +0.11 
10. 20 0. 3725 10. 32 +0. 12 


Volumetric Determination 


Beryllium may be determined volumetrically, 
making use of the fact that 8-hydroxyquinaldine 
is readily and quantitatively brominated to form 
5,7-dibromo-8-hydroxyquinaldine. The beryllium 
chelate of 8-hydroxyquinaldine is dissolved in hy- 
drochloric acid, and treated with excess standard 
potassium bromate-bromide solution. The excess 
of bromate is determined iodometrically by back 
titration with standard thiosulfate. These reac- 
tions are based upon the following equations. 
Bet+ + 2C »HsNOH—~>Be(C,;»HsNO)2+2H* (a) 
Be(C jo HsNO)2 + 2HCI——> Bet* + 2C pHgsNOH + 2CI- 

(b) 
2C »HsNOH + 4Br2—~>2C »HsBr2NOH + 4HBr (c} 
From Equation (a) and (c), it is evident that one 
atom of beryllium is equivalent to 8 atoms of 
bromine, therefore 1 ml. of 0.1.N potassium bro- 
mate-bromide solution should correspond to 0.1127 
mg. of beryllium. 

Varying amounts of beryllium were determined 
volumetrically by the following procedure based 
upon above mentioned reactions. 

Procedure.—The chelate, containing from 2 to 
10mg. of beryllium, after being precipitated and 
washed similarly as in the gravimetric procedure, 
is dissolved in hot 6 N hydrochloric acid, in which 
case 20ml. or more is necessary in proportion 
to the amount of precipitate, and transferred to 
a glass-stoppered flask. To this solution adda 
few drops of 0.1% solution of methyl red as in- 
dicator, then titrate slowly with standard potas- 
sium bromate-bromide solution with constant 
stirring, and after the color has changed to yellow, 
add a few milliliters of standard potassium bro- 
mate-bromide solution. Stopper the flask, allow 
it to stand for a few minutes, add 1g. of potas- 
sium iodide, and titrate 0.1N sodium thiosulfate 
solution using starch as indicator. From the 
amount of standard potassium bromate-bromide 





































































































































































































































































































































































solution required to brominate the 8-hydroxyqu- 
inaldine, the weight of beryllium may be cal- 
culated. As before, 1 ml. of 0.1.N potassium bro- 
mate-bromide solution corresponds to 0.1127 mg. 
of beryllium. Some of the results are represented 
in Table IV. 


TABLE IV 
VOLUMETRIC DETERMINATION OF BERYLLIUM 





. O.1N ‘ 
—— - Bry —— = -Rerer, 
aia KBr used, . 
mg. ml. mg. mg. 
5.10 15.55 5.13 -0. 03 
5. 10 15.19 5.09 -0.01 
5.10 16. 92 5.29 0.19 
5. 10 15.76 5. 16 0. 06 
5. 10 15. 10 5.09 0.01 
5. 10 14. 0.05 
5.10 15, 5: 0.03 
2.55 22.77 0.02 
2.55 22, 60 0.01 








Effect of Diverse Ions 


About lg. of alkali and ammonium salts of 
chloride, nitrate, sulfate and acetate do not in- 
terfer with the determination of beryllium. The 
metal ions which precipitate with 8-hydroxyqu- 
inaldine in ammoniacal solutions, such as bismuth, 
cadmium, chromium, cobalt, copper, iron, magne- 
sium, manganese, nickel, silver, titanium, and 
zinc do interfere with the procedure. When 
aluminum is present, though it gives no precipi- 
tation with this reagent, a large amount of tar- 
trate must be added to prevent its hydroxide 
from coming down, and a relatively large amount 
of tartrate hinders the coagulation of beryllium 
chelate. So that, any excess amount of aluminum 
more than 0.5 mg. must be removed before the 
beryllium is determined. 


5) A.D. Melaven, Ind. Eng. Chem. 
(1930). 


» Anal. Ed., 2, 180 


The various metal alginate gels are known 
to be formed by the reactions between metal- 
lic and alginate ions in solution. The result- 
ing gels exhibit thixotropy which does not 
seem to be reported precisely in the literature 
of the subject. The present paper describes 
the details of such a thixotropy of alginate 
gels. 

* Present address, Department of Chemistry, Faculty 
of Science, Tokyo Metropolitan University, Tokyo. 

** Present address, Fukuoka Futaba High School, 
Fukuoka. 
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The separating methods of beryllium from iron 
and aluminum were especially studied, and the 
following procedure, which is based upon the fact 
that iron and aluminum can be removed by the 
extraction of their oxinate in acetic acid-acetate 
solutions with chloroform, was found very useful. 
The sample solution, containing not more than 
20 mg. of iron and aluminum and having a volume 
about 40 ml., is treated with sufficient amounts 
of 5% oxine acetic acid solution to precipitate 
iron and aluminum, and the pH is adjusted to 
from 4.5 to 5 with 2N ammonium acetate solu- 
tion. Then the oxinates of iron and aluminum 
and the excess of oxine are extracted with five 
10 ml. portions of chloroform. After the resulting 
solution is heated gently to expel the droplets of 
chloroform, beryllium is determined. By this 
method, these metals which can not be separated 
from beryllium by mercury cathod electrolysis”, 
such as titanium also can be removed. But in 
this case titanium must be less than 10 mg. 


Conclusion 





The methods for determining beryllium 
with 8-hydroxyquinaldine, described here are 
fairly sensitive and the procedures are simple. 
The precipitate formed is well-defined in- 
soluble crystalline, easily filtered and washed, 
and thermally stable. The gravimetric factor 
is very small, 0.02770, and the volumetric 
factor is low, 1 ml. of 0.1N potassium bromate 
solution corresponding to 0.1127 mg. of beryl- 
lium, so that, a few milligrams of beryllium 
can be determined, both gravimetrically and 
volumetrically, with good accuracy. 


The author wishes to express his sincere 
appreciation to Prof. Dr. M. Ishibashi for 
encouragement and numerous’ suggestions 
throughout this investigation. 


Faculty of Science and Engineering, 
Ritsumeikan University, Kyoto 







Experimental 


Purification of sodium alginate was carried out 
by repeated precipitations by acid and dissolutions 
by alkali. The purified sodium alginate, whose 
polymerization degree was about 80 was dried at 
80°C. Two cc. of 2% sodium alginate solution 
was pipetted in the test tube of an inner diameter 


1) Polymerization degree of sodium alginate was 
determined viscometrically in the presence of sodium 
chloride according to K. Inokuchi. Mem. Fac. Science, 
Kytishi Univ. Series C, 1, 115 (1950). 
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m iron : 
1d the being about 1.6 cm. to which 2cc. of the electrolyte (d) CaCl, addition 
1e fact solution was added and the whole content was Setting time 
y the mixed intimately. Thixotropy was observed ae _— 
cetate simply by measuring the setting time which was CaClz added Immediately 1 day after 
seful. detected by inverting the tube. All measurements (10~° mole) after addition addition 
than were conducted at 20°C. - 61 4 14 
olume : 42 y ” 
ot Experimental Results oi 
jounts 22 17 hr. 
pitate Thixotropic gels were obtained by adding ap- 03 26 min. 
red to propriate amounts of cupric chloride, barium 84 2 min 
solu- chloride, calcium chloride, lead nitrate, cadmium 64 Seon 
1inum sulfate, zinc sulfate and nickel sulfate to sodium trigta iol 
1 five alginate solutions The setting times of resulting - 45 . 
ulting transparent gels are shown in Table I. (e) CdSO, and (f) ZnSO, addition 
ots of ~ I Electrolyte Setting time immediately 
this P ABLE added after addition 
rated SETTING TIME OF THIXOTROPIC GELS 
sis”, FORMED BY ADDING VARIOUS ELECTROLYTES (10~> mole) CdSO, ZnSO, 
ut in TO 2% SODIUM ALGINATE SOLUTION - 90 o0 
(a) CuCl, addition . 00 y Y 
Setting time .50 23 hr. 4 
2 . 00 22 hr. 20 hr. 
CuCle Immedi- 5 2 mi 
lium added ae” 1 day 5 days 10 days . 00 2 min. 7 
> > Q-5 ; “ a > afters afters 5. OF 2 4 Soag. 
> are soot after sé. after ters ifters )0 lhr Coag 
nple. mole) 5. 50 Coag. y 
in- . 08 ' NiS canes 
‘ ae P , - (g) Nis ad 
shed, . 34 27 min. 31 min. L.7 he. 18 hr. “a B) as 0 ae 
. = “ . ee > , N15 adde Setti i > im diately 
ictor . 60 30 sec. 2min. 12.7min. 6min. Or added . cong une immediately 
etric (10 mole) after addition 
0 sec. 0 sec. 0 sec. . 
nate 3. 60 
eryl- Zs i : 5.70 


lium 3. 42 


and . 64 ’ y 13 
‘ 6 in - Coag. 7.84 
. 68 Coag. Y Y Q 


< 


oo 
(b) BaCl.s addition 9.98 
Setting time 10.7 Coag. 


/ 


BaCle 
added 
(10-5 
mole) 
1.76 
. 05 t. 1 hr. ~ ll hr. 18 hr. 


From these results, it is seen that the addition 
of neither too little amount nor too large excess 
of the electrolyte rendered the gel thixotropic, 
and we see as a whole that the thixotropic setting 
time decreases at first and then shows the ten- 
‘ ; : dency to increase with increasing amounts of 
. 34 > min. . . 2.8 hr. f electrolytes. Furthermore, it is seen that the 
2.64 { min. 11 min. y setting time changes with the ageing of the gels. 
.93 2 min. = A 18 hr. Coag. In the cases of adding other electorlytes such as 
” hydrochloric acid, silver nitrate, manganese sul- 
fate, aluminum sulfate and ferric chloride, the 


Immedi- 
ately 
after add. 


1 day 3 days 8 days 
after after after 


.22 $4 min Coag. 
a Coag. Q ” y 


3.81 Y ” 


thixotropic gel was not obtained and the coagula- 
tion of the corresponding metal alginates occurred 
(c) Pb(NO3)2 addition at once from the sol state. Next, the effects of 
Setting time the several experimental conditions on thixotropy 
Pb(NO;)2 added Immediately 1 day after were studied. The effect of changing volume was 
(10-> mole) after add. addition 
1. 20 20 hr. 96 hr. 
1.60 y Y 
2.00 ” 24 hr. 
2. 40 8 min. 96 hr. 
2. 80 3 min. y 
3. 20 ! min. y 
3 
1. 
4. 
A, 


first studied for the systems containing the con- 
stant amount (40 mg.) of sodium alginate, as shown 
in Table II. 

In Table II, we can see that thixotropy occurs 
at the intermediate alginate concentration, namely 
it occurs as the intermediate state between sol 
and coagel. This is in accord with the accepted 
view that the thixotropy and coagulation parallel 


. 60 6.5 min. Coag. ‘ a ; : . ‘ ‘ 
each other”. The thixotropic setting time is 


00 9 min. 
10 16 hr. 2 . Freundlich und K. S@llner, Kolloid-Z., 45, 348 
80 Coag. 





Tunetaka SASAKI, Shigeru MIYAMOTO and Yasuko MORINAGA 


[Vol. 29. No. f 


TABLE II 
THIXOTROPY VERS. CONCENTRATION OF GEL 


Volume of the 
system (cc.) 9 79 
(sa 


{ T ~ 4 , 
8 Sol c T Tt 
lt Sol Sol Sol Sol 
16 Sol Sol Sol Sol 


2.94 


3. 10 3. 30 


Amount of CuCls added (unit 10-5 mole) 


3. 64 1, 04 1. 36 Be 1.96 
T . T T T 
= a zy Coag Coag 

Sol Tt Coag T 
Sol Sol Sol Sol Sol 


shows that the system is thixotropic. 


therefore expected to depend on the polymeriza- 
tion degree of the alginate just as it is the case 
with coagulation. Table III shows these results. 


TABLE III 
THIXOTROPIC SETTING TIME OF COPPER 
ALGINATE GELS VERS. POLYMERIZATION 
DEGREES OF ALGINATES 
CuCls added to 
2cc. of 2% 

sodium alginate 
(10-5 mole) : 80 300 670 

0. 24 

0. 60 

0. 96 

1. 29 
2.34 27 min. 
2. 60 30 sec. 
2. 86 5 sec. Y] Y 


Polymerization degree” of 
alginate 


10 min. Hard gel* 
13 min. Y 

10 sec. Y 
Coag. Coag. 


y 7] 


From Table IIT, it can be seen that thixotropy 
and coagulation easily observed for the 
samples of relatively high polymerization degree 
upon the addition of small amounts of the electro- 
lyte. Next, the effect of pH on the thixotropy 
was studied. When hydrochloric acid or sodium 
hydroxide alone was added to sodium alginate 
solution, no thixotropic gel was obtained. On the 
contrary, the setting time was markedly influenced 


were 


TABLE IV 
THIXOTROPIC SETTING TIME VERS. pH IN 
THE PRESENCE OF CUPRIC AND BARIUM 
CHLORIDES IN THE SOLUTION OF SODIUM 
ALGINATE 
pH 2.60-10 mole CuCl, 2.93-10-5 mole 
Coagulation 


BaCle 
Coagulation 


10 sec. 
2.5 min. 
10 sec. 
4 min. — 
3 min. —- 
3 min. 
3.5 min. 
: y* 
11. y 2.5 min. 
11. 3 min. 
12.3 4 min. 
12.6 Cu(OH). ppt. — 


* The term ‘‘hard gel’’ represents such a gel as 
cannot be transformed into sol by hand-shaking. 

* At pH values exceeding 9.5, white turbidity was seen 
on the addition of BaCle. 


by pH in the presence of cupric and bariun 
chlorides, as seen in Table IV. 

As a whole, thixotropy was observed in neither 
regions of strong acidity nor alkalinity. In the 
region of intermediate pH, the thixotropic setting 
time was observed which changed with pH. In 
the case of barium chloride addition, the setting 
time increased and rapidly attained a constant 
value. As stated before, thixotropy was caused 
by the addition of a suitable amount of cupric 
chloride to the sodium alginate solution. We 
compared this amount with the combining capacity 
of cupric ion towards sodium alginate, which was 
measured as follows. Two cc. of 2% sodium 
alginate solution was added to 10cc. of cupric 
chloride solution of varying concentrations. After 
the equilibrium was attained, the concentrations 
(C) of cupric and chlorine ions in supernatant 
liquid were determined and they were plotted 
against the total concentration of Cutt (Cy) as 
shown in Fig. 1. In this figure, it is seen that 


Cl» 


Equilibrium conc., 





F 


Total conc., Cp (10-5 M) 

Fig. 1. Total and equilibrium concentra- 
tion of cupric and chlorine ions before 
and after cupric chloride was added to 
the solution of sodium alginate. 


the cupric ion combines with sodium alginate 
and the combining capacity of cupric ion towards 
sodium alginate calculated from the abcissa of 
the point A in Fig. 1 is 9.3-10~ mole per/40 mg. 
sodium alginate. Comparing this value with the 
composition of thixotropic gel formation shown 
in Table I (a), it is found that the thixotropy of 
copper alginate occurs when 25~45% of the algi- 
nate ions are combined with cupric ions, and 
coagulation of alginate ion occurs when more 
than half of the total alginate ions are combined 
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with cupric ions. Finally, it was found that the 
thixotropic gel could be obtained also from the 
once coagulated copper alginate by adding a suit- 
able amount of sodium alginate. Thus, copper 
alginate was first precipitated by adding 7.8-10 
mole of cupric chloride to tcc. of 1% sodium 
alginate solution. Then more sodium alginate 
was added to make the total volume l6cc., and 
the thixotropy was measured. The results are 
shown in Table V. 


TABLE V 
THIXOTROPY OF THE SYSTEM OBTAINED BY 
ADDING SODIUM ALGINATE TO COPPER 
ALGINATE PRECIPITATE 


Sodium Thixotropy 
alginate . 
dded (mg.) a 24hr. after add. 
0 Coag. Coag. 

20 7] y 
10 Thixotropic Thixotropic 
60 Y y 
80 Y ” 
100 Yi v 
120 Y Sol 
140 Sol Y 
160 4 Y 


From this table, it can be confirmed that the 
coagulation of copper alginate ceased to persist 
when combi~ed copper was decreased to less than 
56% of the available alginate ion. This agreed 
qualitatively with the condition of the gelation 
mentioned above. 


Summary 


Thixotropy was observed on the gels form- 
ed by the addition of the suitable amounts 
of cupric chloride, barium chloride, lead 
nitrate, calcium chloride, cadmium sulfate, 
zinc sulfate and nickel sulfate to the solutions 
of sodium alginate. The setting time of the 
thixotropic gels was observed to change with 
the amount of the electrolyte added, the 
ageing time of the gels, the degree of poly- 
merization of sodium alginate used and pH 
of the system. The thixotropic behavior was 
observed to change also with the volume of 
the system. Furthermore, it was found that 
thixotropy was observed when about 25-54% 
of the total alginate ions combine with cupric 
ions, whereas the combination of more than 
half of the total alginate ion results in non- 
thixotropic gelation. The thixotropic gel 
could be formed also by the addition of sodium 
alginate to the once precipitated copper 
alginate. 


The authors wish to express their thanks 
to the Ministry of Education for the grant 
given for this research. 
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Uptake of Metal Ions from Aqueous Solutions by Stearic 


Acid Monolayer 


By Tunetaka SASAKI* and Mitsuo MURAMATSU*## 


(Received August 1, 1955) 


Introduction 


It has been pointed out previously” that 
the metallic ions are classified into two groups 
from their effects upon monolayers of fatty 
acid. One includes such metal ions as Co, Cu, 
Al and Th which make the monolayer expand 
and remarkably rigid, and the other includes 


* Part I of this series has been published recently by 
R. Matuura and H. Kimizuka®). 

** Present address, Department of Chemistry’ Tokyo 
Metropolitan University. 

*** Present address: Chemical Laboratory, Fukuoka 
Gakugei University. 

1 T. Sasaki and R. Matuura, This Bulletin, 24, 274 
1951); R. Matuura, ibid., 24, 278 (1951). 


mainly alkaline earth metals which condense 
it. A built-up film of stearic acid takes up 
many of the former ions from” and is wetted 
by® their solutions, while it does not show 
such effects with the latter ions. All these 
phenomena could be explained by the differ- 
ence in types of the structure of metallic 
soap formed by the interaction between fatty 
acid in the film and metal ions in the solu- 
tion'—, 

In the case of the former ions, the metallic 
soaps seem to consist of molecules of stearic 

2) M. Muramatsu and T. Sasaki. ibid, 25, 21, (1952). 


3) M. Muramatsu and T. Sasaki, ibid., 25, 25 (1952); 
A. Inaba, ibid., 26, 43 (1953). 
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acid and polymeric and complicated aggre- 
gates of metal ions in solution, the acidity 
of which is adjusted to be in the region of 
pH where the metal hydroxide begins to 
precipitate! Schulman et al.*, using 
myristic acid monolayer, reached the similar 
conclusion and postulated that the polymeric 
nature of metallic soap is attributed to hy- 
drogen bonding between mono- and dihydroxyl 
metal ions combined stoichiometrically with 
each acid molecule. In connection with this, 
it may be noteworthy that the mode of in- 
teraction between aqueous sodium alginate 
and octadecylamine monolayer spread on it 
resembles closely that between such metal 
ions and stearic acid monolayer”. 

In contrast with this, the latter alkaline 
earth ions are considered to be bound to 
stearate ions with simple stoichiometric re- 
lation and the metallic soaps thus formed 
are also considered to have no lateral bind- 
ing as was postulated in the former case'~?. 

In order to obtain further knowledge about 
the difference between two types of metallic 
soap as mentioned above, it was attempted 
to determine the binding ratio of strontium 
and cobalt atoms to the acid molecules in 
the surface film formed by the interaction 
between a solution of strontium and cobaltous 
chlorides and monolayers of stearic acid 
spread on them. 


Experimental 


Radioactive strontium chloride was chloride of 
an isotopic mixture of Sr (half-life 53 days) and 
“Sr (25 years) and therefore contatned “Y (61 
hr.) as a radioactive daughter. It was diluted 
isotopically to 10 mC/g. with recrystallized stron- 
tium chloride and was brought to a desired con- 
centration and acidity with distilled water and 
redistilled ammonia solution. From six to twenty 
layers of the surface film spread on such a solu- 
tion were transferred onto a metal slide coated 
with five layers of barium stearate under the piston 
pressure (30 dyn./cm.) of oleic acid. The radio- 
activity of this multilayer was measured with 
and without an aluminum disc (15mm. diameter 
and 1.5mm. thickness) placed on the center of 
the slide and exactly beneath the window of the 
GM tube. The difference between these counts 
was taken as the radioactivity of the part of 
multilayer covered by the disc, and was compared 
with radioactivity of the standard SrCls mounted 
on cigarette papers (15mm. diameter)?) which 
were fixed on the metal slides of the same 


4 J.H. Schulman, et al., Trans. Faraday Soc., 46, 475 
(1950); 47, 788 (1951); 50, 1139 (1954). 

5) J.H. Schulman and M.Z. Dogan, Discussion, Fara 
day Soc., 16, 158 (1954). 

6) T. Sasaki and M. Muramatsu, This Bulletin, 26, 
96 (1953). 


7) G. Friedlander and J.W. Kennedy, ‘‘ Introduction 


to Radiochemistry "’, John Wiley and Sons, Inc., New 
York, N.Y. (1949), p. 231. 





Tunetaka SASAKI and Mitsuo MURAMATSU 






{[January, Vol. 29, No. 1 











magnitude as that coated by multilayer. Identical 
conditions were maintained for both the disc and 
the papers. Number, x, of bound Sr atoms per 
cm? of monolayer was calculated from the radio- 
activity at transient equilibrium between ™Sr 
and “Y which was attained after at least fifty 
days. 

Owing to a difficulty in building up the mono- 
layer spread on the solution of cobaltous chloride, 
the amount of bound cobalt atoms was determined 
as follows. The monolayer was collected to one 
side of the trough by moving the barrier and 
collapsed film was scooped up with a strip of 
filter paper. The water content of the paper 
was first measured by drying, from which the 
amount of Co atom carried merely with the solu- 
tion was determined. It was then burned in a 
crucible and the remaining ash was treated re- 
peatedly with 6N hydrochloric acid. The result- 
ing solution was transferred onto a cigarette 
paper, evaporated to dryness, and its radio- 
activity was measured by means of GM counter. 
The amount of Co atom bound to monolayer 
could be calculated from the radioactivity of this 
sample, taking account of the amount of cobalt 
mentioned above. 

The surface pressure of the film was determin- 
ed by the same method as used in a former 
report». The acidity of substrate solution was 
adjusted by redistilled hydrochloric acid and 
redistilled,ammonia unless otherwise mentioned. 

All monolayers were kept on ‘substrates of 
room temperature for from three to eight minutes 
after spreading, before the experiments were 
carried out. 


Results 


Interaction between Sr Ion and Monolayer.— 
In Table I are shown the effects of pH of sub- 
strate solution and of the number of layers in 
the built-up film upon «x, where the concentra- 
tion of strontium chloride in the substrate is 
maintained at 10~' mol./l. According to Biker- 
man*? the deposition ratio of monolayer of 
stearate of alkaline earth metal is always unity 
when it is transferred onto a_ solid surface. 
Therefore, if we assume that the cross-sectional 
area of stearic acid in multilayer is 20 A2, num- 
ber, R, of Sr atoms bound to one molecule of 
stearic acid is calculated and listed in the last 
column. It is seen in this table that R increases 
with increasing pH and has little dependence 
upon the number of layers at each pH. 

When substrate pH was greater than 9.6, the 
monolayers were unsuccessfully built up onto 
the slide. Actually it was observed that the silk 
thread separating the monolayer from piston oil 
did not move in accord with the up and down 
trip of the slide, and that the wettign condition 
as well as interference color of the surface was 
uneven and irregular. 

Effect of concentration, c, of strontium chloride 
solution upon « was examined at the constant 


8) J.J. Bikerman, Proc. Roy. Soc. London, A170, 130 
1939). 
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pH value of 5.7, the result being shown in Table 
[l. 


TABLE I 
EFFECT OF SUBSTRATE DH UPON NUMBER 
oF Sr ATOMS BOUND TO ONE MOLECULE 
OF STEARIC ACID; SrCls 10-* mol./1. 


Number of 
bound Sr 
atoms; 


No. of Number of 
Sub- Built- bound Sr 
strate up atoms/cm? 
%e ; molecule of 
layers, of mono- 
>H : ee. = stearic acid, 
p n ayer, 2 R 


Mean 


0.70 x 10% 014 
0.85 7” . 017 
6.65 7” . 137 
6.30 * 126 
63 X 7 . 213 
06 X ” 211 0. 209 
Lan 4 . 204 
12.11x 7 . 242 
. 261 
12.14x 7 . 243 
12.4% 249 
26.33 x ” . 927 
21.17 xX 7 . 423 
24.05x 7” - 481 
23.12 x . 462 
26.68 x 7 . 934 


25.02 x . 500 


1.0 8 
0. 016 


0. 132 


TABLE II 

EFFECT OF CONCENTRATION OF SrCl, UPON 
NUMBER OF BOUND Sr ATOMS per cm? OF 
MONOLAYER ; SUBSTRATE pH 5.7 
Number of bound Sr 
atoms/cm? of mono- 
layer, x 

.0 rr wo 135 &« 104 

. 1074 . 06 

oo x . 83 
2.0 78 

— s © 

.O » s .49 

oe > . 31 

.0 . 28 

e > .19 


.0 i 


SrCl. concentration, 
c, mol./l. 


Interaction between Co Ion and Monolayer.— 
Fig. 1 shows the effect of substrate pH upon the 
pressure—area curve of stearic acid spread on 
10-* mol./l. solution of cobaltous chloride. Ge- 
nerally speaking, it was seen that the monolayer 
condensed up to pH of about 6, while remarkable 
expansion and increase in compressibility of the 
film were observed at pH 8-9. This is similar 
to the result in the case of 10-* mol./l. solution 
of the same substance, which was reported in a 
preceding paper”. pH dependence of the area 
per molecule at F =2 dyn./cm. is shown in Fig. 2, 


9) R. Matuura and H. Kimizuka, This Bulletin, 28, 
668 (1955). 


Surface Chemical Effects. II. 


cm. 


Pressure in dyn., 


Area in 4A2/molecule 
‘ig. 1. Pressure—area curve of mono- 
layer of stearic acid spread on 107™ 
mol./l. CoCls. 
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| | 
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atio in 


atoms/molecule 


05 


molecule 


. 


9 > 
Binding r 


in A 


pH 
Fig. 2. Effect of pH upon molecular 
area at pH=2, @, and binding ratio, R, 
©, of Co atom in the film. 


together with that of number, R, of bound Co 
atoms per one molecule of stearic acid. It is 
interesting that both curves changed with pH 
similarly, and that the maximum value of R 
being unity was obtained at pH 8-9, where the 
area reached the maximum value of 30 A2/molecule 
or larger. 

When sodium or potassium hydroxide was used 
as pH-adjusting agent instead of ammonia, we 
observed the less exaggerated effects of Co ion 
upon both area at pH=2 and compressibility, 
while the same result was obtained for R—pH 
relationship. This is represented in Table III in 
which the effects of pH-adjusting agent upon the 
nature of the film are listed. 


TABLE III 
EFFECT OF pH-ADJUSTING AGENT UPON 
MOLECULAR AREA AT pH=2, R, AND COM- 
PRESSIBILITY OF FILM; SUBSTRATE pH 8.9 


pH-adjusting agent NH,OH NaOH KOH 
Molecular Area, Re molecule 30.5 3.7 24.8 
R, atoms/molecule 1.01 0.97 0.93 
Compressibility, A2-cm., 
molec.-dyn. 0.76 0.49 0.43 
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In a region more alkaline than about pH 9.5- 
10, the measurement could not be performed 
without large accidental error, presumably due 
to the dissolution of monolayer or precipitation 
of cobalt hydroxide. 


Discussion 


It has been shown that'™ alkaline earth 
metals in aqueous solution exert their effects 
upon either pressure or mechanical properties 
of monolayer of fatty acid spread on it, when 
pH of the solution is larger than 5-6. In 
order to explain the phenomena, electrostatic 
binding was presumed between monolayer 
and metal ions. Experimental result in Table 
I supports this presumption. Since the dis- 
solving state of Sr ion is not considered to 
be greatly affected by the acidity of the 
medium when pH<9, pH dependence of R 
comes mainly from an increasing ionization 
of stearic acid with decreasing acidity of 
the substrate. This consideration is also 
supported by a decreasing surface potential 
of the monolayer of stearic acid when pH of 
the substrate solution increases in the range 
of pH 3-12'". 

Such a type of binding in terms of ion 
ion attraction results in formation of metal 
stearate in the film, the composition of which 
should be discussed. That FR attains a max- 
imum value of 0.5 when substrate pH is 
adjusted to 9.3 may favorably be explained 
by assuming interaction between one Sr ion 
and two stearate ions. Therefore it is pro- 
bable that the monolayer on aqueous SrCl, 
of pH<9.3 consists of stearate ions, molecules 
of stearic acid and of Sr stearate which is 
formed as a result of the following reaction. 

Sr**+2C,;H;,;COO-=(C,;H;,;COO),.Sr 
(bulk) (surface) (surface) 
Ignoring the decrease of substrate concent- 
ration, c, and the surface contraction of 
stearate ion due to interaction, the following 
equation holds as far as strontium hydroxide 
does not precipitate, 


Kec { a—2x \*_ Ké 
K;x \ [H*]+A,) K[HtP’ 
where Ky, K,, Kz and K; are dissociation con- 
stant of water, strontium hydroxide, stearic 
acid and strontium stearate (at the air-water 
interface), respectively, @ the surface con- 
centration of stearyl radical and x the surface 
concentration of strontium stearate. It is 
easy to understand the increase of x at con- 
stant c with decreasing [H*], provided that 
K,?/K, is much less than |H*P. 
10) I. Langmuir and V.J. Schaefer, J. Am. Chem. Soc., 
59, 2400 (1937). 


11) J. Glazer and M.Z. Dogan, Trans. Faraday Soc., 
49, 448 (1953). 


(1) 
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At constant acidity, Eq. (1) can be trans- 
formed into the following relation, 

a/2—x=k1 x/Cc 2) 

where constant & denotes {{H*]+ Az} K;/2Kz2. 

Fig. 3, in which V x/e is calculated using 


} 
x 
12+ 








Relationship between « and 


the data in Table II and is plotted against 
x, seems to show a partial validity of Equa- 
tion (2). In the range of substrate concent- 
ration of 10-°—10-* mol./I., x decreases linearly 
with increasing V x/c and this linear por- 
tion cuts the ordinate at x=19.5 10" atoms/ 
cm.” of monolayer, when it is extrapolated. 
Thus 10'°/(2«19.5x10'*)=26 A?/molecule is 
obtained for the cross-sectional area of ste- 
arate ion or molecule of stearic acid in the 
film. This value is in fair agreement with 
that obtained from extrapolation of F—A 
curves or from X-ray data. The deviation 
from the linearity at low concentration of 
solute may be due to the invalidity of the 
assumption that c does not change with re- 
action. 

In the case of aqueous Co ion of pH less 
than 6.5, the structure of metallic soap formed 
in the film is considered to be the same as 
in the case of strontium stearate. In this 
pH region, the monolayers took up cobalt 
ions giving F less than 0.5 and did not show a 
remarkable expansion but rather a small con- 
densation as pH decreased. Cobalt ions in 
solution are considered to be in the simple 
form of Cot* when pH of solution is main- 
tained below 7, as seen from the measure- 
ment of self-diffusion”. On the other hand, 
decreasing surface potential'” of stearic acid 
monolayer with increasing substrate pH can 
be accounted for by the increasing surface 
ionization of stearic acid. Taking account 
of these circumstances change of R at pH< 
6.5 can be explained by the change in bind- 
ing ratio of one Co** ion with at most two 
stearate ions. 
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Now we should draw attention to the re- 
markable expansion of monolayer at pH 7-9, 
where FR is always greater than 0.5. This 
fact, together with that Rmax.=1, seems to 
be explained rather by assuming interaction 
betweeen one stearate ion and one monobasic 
cobalt ion. However, this cannot explain the 
extraordinarily large expansion quantitatively, 
so we take account of the dissolved state 
of monobasic cobalt ions in this pH range, 
which may be different from that at pH<7. 
Possibility of polymer formation of basic 
metal ions has been shown in the case of; 
for instance, uranyl’? or ferric ion'® and 
also in our cases'~*, Remarkable decrease 
of self-diffusion coefficient” of aqueous cobalt 
ion, when pH of it is beyond 7, is presumably 
due to the formation of aggregates. Actually 
it was observed that the colorless solution 
10-* mol./1l.) of cobalt chloride was changed 
to pale blue when pH of it was increased to 
above 7, and that it was further changed 
to pale yellow after standing for 7-10 days, 
concentrations of Co atom in supernatant 
solutions being 69 x 10'* and 36 x 10'° atoms/cc. 
for pale blue and pale yellow solutions, re- 
spectively. These facts lead us to the con- 
ception of colloidal aggregates formed in the 
solution, wh‘ch may consist of basic metal 
ions, water molecules and ammonia molecules, 
the latter if it is used. 

The monolayer of stearic acid when spread 
on such a solution gives a film consisitng of 
widely spaced molecules, showing the large 
cross-sectional area as shown in Fig. 2. Low 
surface density of hydrocarbon chain in such 
a film can also be expected from the low 
refractive index of built-up films of Cu, Al 
and Th stearates*®, the behaviors of which 
at air-water interface are similar to those 
f cobalt stearate at pH 8-9. Similarly, un- 
successful building up of this film is pre- 
sumably due to high compressibility and low 
collapsing pressure (see Fig, 1), as discussed 
in the case of Cu, Al or Th stearate*. The 
high compressibility of the film suggests that 
the interlinks between cobalt atoms in these 
aggregates are so loose that some cobalt atoms 
in them may be ejected partly from air-water 
interface when monolayer was compressed. 
There are cobalt atoms which are considered 
to be bound so firmly to stearate that the 
linkage is not destroyed by compression of 
monolayer, even when the other elementary 
ions or molecules in the aggregate are ejected 
from the surface. This consideration is sup- 
ported by the fact that the higher compres- 


12 K.A. Kraus and F. Nelson, J. Am. Chem. Soc., 71, 
2510, 2517 (1947). 


13 B.O.A. Hedstrém, Arkiv fdr Kemi, 6, 1 1952). 
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sibility was seen in the more expanded and 
the more brittle film. However, since we 
actually measured the binding ratio, R, after 
collapsing the film, the observed value in- 
dicates the Co atoms attached directly to 
stearate ions and the result of experiments 
is not adequate to confirm the loose structure 
giving rise to the anomalous expansion of the 
film. 

This is also the reason why area—pH re- 
lation depends upon the choice of pH-adjust- 
ing agent, whilst R—pH relation does not. 
It is probale that the co-ordination of ammonia 
molecules towards Co atom has some contri- 
butions to size, shape and other nature of 
the aggregate, by which the cross-sectional 
area and compressibility of film molecules 
are largely affected. As is seen in Table III, 
this results in the increase of film expansion 
and compressibility. On the other hand, R 
is not affected by the presence of ammonia, 
showing that the co-ordination has no effect 
for direct and firm binding between the cobalt 
atom and stearic acid. 

Many attempts”'!'!) were made to determine 
the amount of metal ion bound to monolayer 
of fatty acid spread on it, where the ordinary 
microanalytical methods were used for this 
purpose. In our experience, however, it seems 
to be inevitable that these methods include 
an accidental error, presumably due to the 
long time required for collecting a few 
decades (or more) of monolayers. It has been 
pointed out in the preceding report"? that 
the nature of surface film of stearic acid is 
changed by ageing of aqueous cobalt ion. 
The present radio-tracer method offers the 
advantage that only few times of the collec- 
tion of monolayer are sufficient for the meas- 
urement and consequently it enables us to 
determine the binding ratio with slight accid- 
ental error. 


Summary 


It has been attempted to determine the 
binding ratio of strontium and cobalt atoms 
in the monolayer of stearic acid spread on 
aqueous strontium and cobalt solutions, re- 
spectively, containing radioactive cations. 

The number of strontium atoms bound to 
one molecule of stearic acid increased with 
increasing pH of substrate solution as well 
as concentration of strontium ion in it. 
Tentative explanation was made by assuming 
interaction between strontium and stearate 
ions. A theoretical formula based on ioniza- 
tions of stearic acid, strontium hydroxide, 


14) I. Langmuir and V.J. Schaefer, J. Am. Chem. 


Soc., 58, 284 (1936 


15) E. Havinga, Rec. trav. chim., 71, 72 (1952). 
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and strontium stearate proved to support 
the validity of this presumption. 

A similar explanation was also made for 
interaction between monolayer of stearic acid 
and substrate solution containing cobaltous 
chloride of pH less than 6.5, where the 
monolayer showed no expansion but rather 
a small condensation, while the number of 
bound Co atoms per one molecule of stearic 
acid increased with increasing pH up to 0.5. 
At pH 7-9, remarkably expanded and com- 
pressible films were obtained and the binding 
ratio reached a maximum value of unity. 
Films thus formed were considered to consist 
of stearate ions and polymer ions of cobalt 
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which may exist as aggregates in the solution. 

Co-existing ammonia used as a pH-adjust- 
ing agent of the solution of cobaltous chloride 
resulted in exaggeration of these effects. It 
might be attributed to co-ordination of am- 
monia molecules towards Co atoms. 


The authors wish to express their thanks 
to Dr. R. Matuura and Mr. H. Kimizuka for 
useful discussion and to the Ministry of 
Education for the grant given for this 
research. 


Department of Chemistry, Faculty of 
Science, Kyttshtit University, 
Fukuoka 


Reaction between Iron Pentacarbonyl and Ammonia under High Pressure 
of Carbon Monoxide 


By Hiroshi UcuipA and Kenichiro BANDO 


(Received July 13, 


A recent investigation'’ showed that in 
the presence of iron pentacarbonyl, carbon 
monoxide under high pressure reacted readily 
with mono- and dimethylamines at 120°C to 
produce their formamides, but not readily 
with ammonia at this temperature. However 
the reaction with ammonia has now been 
found to take place at further raised tem- 
peratures, resulting in a pale yellow powdery 
product. 

The subject matter of this paper is the 
reaction conditions for obtaining high yields 
in the powder, and also the chemical com- 
position of the powder. Suitable conditions 
for the reaction has permitted us to obtain 
the yield so high as 90 per cent of the theo- 
retical yield from iron pentacarbonyl used, 
and the powder has appeared to be a complex 
ferrous salt containing a complex anion of 
new composition consisting of CN, CO and 
NH, besides iron. 

In addition, the reaction products (powder 
and simultaneously formed liquor) have been 
found capable of accelerating the formation 
of formamide from carbon monoxide and 
ammonia under high pressure. 


Synthesis of Ferrous-Ammine Salt of 
Carbonyl-Ammine-Ferro-Cyanide 


Measured amounts of iron pentacarbonyl and 
anhydrous ammonia were placed in a 1.11. 


1955) 


shaking autoclave, and thereafter compressed car- 
bon monoxide was admitted to a required pressure 
for reaction. The autoclave was kept at a certain 
temperature for five hours before it was allowed 
to cool. No reaction occurred at temperatures 
lower than 150°C, at which a small quantity of 
pale yellow powder was produced. Ata high tem- 
perature of 180°C and under the certain reaction 
conditions nearly all of the iron pentacarbonyl 
could be converted into the powder and simulta- 
neous liquor™*. 

The powder was practically insoluble in water, 
dilute acid and organic solvents such as methanol 
and ether, but was soluble in caustic potash solu- 
tion to result in a yellow solution by developing 
ammoniacal odour and leaving yellowish brown 
precipitates of, probably, ferrous hydroxide. This 
solution revealed characteristic reactions of car- 
bonyl-ferro-cyanide ion, (Fe(CO)(CN);)’~ according 
to J. A. Miller», namely it produced a violet 
precipitate, when acidified and added a solution 
of ferric chloride, but formed no precipitate with 
lead acetate and acetic acid. 

Conditions for Manufacture of the Powder.— 
Reactions were run first at a fixed mixing ratio 
of iron pentacarbonyl to ammonia, under varying 
pressures of carbon monoxide, secondly at differ- 
ent mixing ratios under a definite pressure of 
carbon monoxide. 


1 H. Uchida and K. Bando, J. Chem. Soc. Japan (Ind. 
Sect)., 57, 941 (1954). 

* With respect to the liquor a description will be made 
later. 
2 refer to Gmelin, ‘‘Handbuch der Anorganische 


Chemie’, 8te Aufl. Eisen Teil B, 740. 
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Under initial total pressures* varying from 10 
to 155 kg./em? (at room temperature), a mixture 
comprising 40g. ammonia (2.35M) and 50g. iron 
pentacarbony! (0.25M) was brought into reaction 
at 175-185°C. The results are summarised in 
F 1. At the low pressures the reaction pro- 
ceeded accompanying the decomposition of iron 
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Total initialpressure kg./cm? 
-—Q-— Powder produced, g. 

Dy Fe (CO), recovered, mol. 
---f\--- NH;/Fesoin., mol ratio. 
eaf ies Feppt., Fesoin. 

x CN produced, mol. 
---x--- CN/Fesoin., mol ratio. 

- CO/Fesoin., mol ratio. 


Fig. 1 Effect of total pressure upon yield 
and composition of product. 


pentacarbonyl; however, the reaction gave only a 
small amount of CN, even though it gave a 
somewhat large amount of the powder. The 
greatest amount of powder as well as CN was 
produced at the initial pressure of 70kg./cm?, 
above which the powder decreased in amount but 
the quantity of unchanged iron pentacarbonyl 
increased with ascending pressures. 

As shown in Fig. 1 the ratios Feppt./Fesoin., 
CN/Fesoin., and CO/Fesoin the first being the 
ratio of iron found in precipitate resulted from 
soaking of the powder in a caustic potash solu- 
tion to that dissolved in the solution, the second 
the mol ratio of CN in the powder to iron dis- 
solved, and the third the mol ratio of CO in the 
powder to iron dissolved... were kept at nearly 
constant levels respectively, throughout the range 
of pressures employed in the present experiments. 
On the other hand the values of NH3;/Fesoin.. 
indicating the mol ratio of ammonia found in the 
powder to iron in the solution, were not found 
so constant as the above, tending to approach 
toward 3.75 with the increasing pressures. 


* The total pressure means the sum of pressures of 
ammonia and the introduced gas comprising 80-81% CO, 
15-16% He, and 4-5% Ne. After the reaction the pres- 
sure increased to 33 kg./cm®? in the case of initial pressure 
of 10kg./cm? (corresponding to vapour pressures of 
immonia at room temperature without the presence of 
carbon monoxide), but decreased in the other experiments, 
more markedly with the increasing initial pressures. 
Hydrogen became richer in the gaseous product than in 
the initial gas. 


The powder was quantitatively analyzed fol 
CN, NH; and CO contents. CN content was 
determined by applying Liebig’s method to HCN 
liberated by the decomposition of the powder 
with boiling 2-N-sulfuric acid in the presence of 
cuprous chloride as a catalyst. Ammonia was 
liberated by prolonged boiling of the powder in 
caustic potash solution under simultaneous aera- 
tion, and was determined by the conventional 
method*. CO content was determined according 
to the method by W. Hieber et al.*), namely the 
powder was heated to 120—-190°C with 70% sulfuric 
acid in an atmosphere of carbon dioxide, and 
liberated carbon monoxide was collected in an 
azotometer. The amount of CO originally con- 
tained in the powder could be evaluated by sub- 
tracting already determined CN content from the 
amount of carbon monoxide thus measured in the 
azotometer, since both CN and CO in the powder 
were to be obtained as carbon monoxide by this 
procedure™*. 

Another inquiry was made for effects of quanti- 
ties of ammonia upon the yield and composition 
of the powder by using 50 g. of iron pentacarbonyl 
under approximate total pressures ranging from 














105 to 113kg./em2. The results are shown in 
Fig. 2. The figure reveals a tendency for the 
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Fig. 2. Effect of amount of ammonia upon 


yield and composition of product. 


* Total nitrogen content was, on the other hand 
determined by means of Kjehldahl’s method, and was 
found to be in agreement with the sum of nitrogen 
determined as CN and NHg respectively. 

3 W. Hieber, R. Nast et al., Z. anorg. allg. Chem., 
272, 32 (1953). 

* Similarly the usual combustion method also gave 
the total carbon content which agreed comparatively weil 
with the value here obtained. 
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powder to increase in amount with the increasing 
amounts of ammonia up to a yield of 90 per cent 
of the theoretical yield from iron pentacarbonyl 
used. The larger amount of ammonia also fa- 
voured the formation of formamide. 

In Fig. 2, Feppt./Fesoin., CN/Fesoin. and NHs3/ 
Fesoin. Were kept at nearly constant respective 
values of 1.2, 3.9 and 3.7 independently of the 
varying quantities of ammonia, and also CO/Fesoin. 
a value of 1.3 except for the case where a com- 
paratively small amount of ammonia was used. 
The ratio of CO/Fesom. attained, on the other 
hand, to a higher value of 1.75 as illustrated in 
Fig. 2 and further 2.6 when the greater amount 
of iron pentacarbonyl was employed*. In these 
cases part of iron pentacarbonyl, more or less 
according to the reaction condition, remained 
unchanged in the reaction. 

Composition of the Powder.—From the results 
of analyses the powder seemed likely to have a 
practical chemical composition Feo(CN) (CO) NH3),, 
of which one half of iron, all of (CN) as well as 
(CO), and part of (NH;) could be dissolved in 
potash solution. The crude powder itself was 
insoluble in most of the solvents and could not 
therefore be further purified by recrystallization. 
However, its caustic potash solution permitted 
recrystallization to separate out the fine crystal 
which was presumably a potassium salt of the 
complex anion. 

W. Hieber et al. had described a convenient 
way for purification of their sodium-carbony]l- 
ferro-cyanide. The method, when followed in 
our experiment, produced a mass of fine yellow 
prismatic crystals. From the results of analyses 
for CN, CO, NHsz and iron, conducted as described 
in the foregoing section, and also for K as its 
sulfate, the crystal appeared to have a compositon 
Ko(Fe(CN )4(CO)(NH3))-1.5H20. Considering this 
composition in conjunction with the composition 
FeA(CN)(CO)(NH;),;) of the powder, the powder 
seems to consist of a complex anion (Fe(CN),(CO) 
(NH3))?> and a complex cation (Fe(NH3)3)?**. 

Potassium salts of the powders of two different 
compositions Fee(CN)(CO)(NH3), and FesCN), 
(CO) NH:2)3 (hereafter, simply denoted by A and 
B respectively) were recrystallised from caustic 
potash solutions. The powder A was the usual 
product of the present expertment while the 
powder B was produced in the particular case 
where iron pentacarbony! was used in excess as 
compared with ammonia. 

The procedure for recrystallization of potassium 
salt of powder A was as follows. A quantity 
(10g.) of powder A was soaked in a sufficient, 
but not too excessive amount (38g.) of an _ ice- 
cooled 10% caustic potash solution to replace one 
half of the iron (ferrous) with potassium. The 
vellow filtrate of this solution was then added 
300 cc. of ethanol to deposit pale yellow precipitate, 
which was readily washed with ethanol. The 


* In this case the reaction was conducted under a 
total pressure of 70 kg.,;cm?, by employing 40g. NHs 
and 200g. iron pentacarbonyl. 

According to W. Hieber and E. Fack (Z. anorg. alig. 
Chem., 236, 83 (1938).), the cation should theoretically 
be (Fe(NHs)6)2*, but it easily liberates part of ammonia. 
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precipitate was further recrystallised in the same 
way from the aqeous solution, and the recrystal- 
lised deposit was dissolved in the possible least 
amount of water for complete dissolution. The 
aqueous solution was subsequently allowed to stand 
for two days in a vacuum-dessicator containing 
concentrated sulfuric acid, to separate out a 
mass of fine prismatic crystals (6.5g.). All the 
processes were conducted in a dark place in order 
that the decomposition due to light might be 
prevented. 

The results of analyses of this crystal are 
given in mol ratios of N, CN etc. to Fe, and 
they are in good agreement with the composition 
K2(Fe(CN)«CO)(NH3))-1.5H2O, as shown below. 

(Total N)/Fe=4.99+0. 02, 

(Total C)/Fe=5. 05+0. 02, 

CN/Fe=3. 95+0.01, 
NH;/Fe=1.1+0.03, and K/Fe=1. 95. 


Fe N Cc CN NH; 
Calculated from the above formula 
18.00 22.58 19.36 33.55 5.49 
Observed 
18.01 22.53 19.54 
18.05 22.61 19.61 


33.20 5.35 
33. 10 


way, the yield in crystalline product was some- 


that low (4.0g. from 10g. of powder B) and the 
product was proved to have the same composition 


as that of the product from powder A. The 
product did not involve second CO. The second 
CO of the powder may be less stable in the caustic 
potash solution, otherwise any complex compound 
containing two CO’s, even if it were present in the 
solution, does not easily sparate out from the 
solution. No decisive conclusion has yet been 
given in this respect. 

With regard to the complex compound of iron 
containing CN and CO, J. A. Muller® had 
already obtained a compound having a composition 
K;(Fe(CN);(CO)) by reacting carbon monoxide on 
potassium ferrocyanide, and thereafter W. Hieber 
et al. could produce a compound of this kind 
with a high yield of 90 per cent of the theoretical 
from Na;(Fe(CN);(OH2)) used as_ starting 
material. The latter? described also the other 
compound Fe(CN)(CO)sPy, where Py represents 
pyridine. The complex compound obtained in 
the present work has a different composition from 
the above compounds and moreover its manufac- 
turing procedure is characterised by the use 
of iron pentacarbonyl and ammonia as starting 
materials. 


yield 


Formamide Formation in Presence 
of the Reaction Product 


Among the results shown in Fig. 2, those 


4) W. Hieber and F. Sonnekalb et al., Ber., 63, 982 

1930). 

* In the reaction between carbon monoxide and am- 
monia at high pressure ammonium carbamate was custo- 
marily produced (refer to K.H. Meyer et al., Ber., 54, 
1708 (1921). 

** Urea was determined by the amount of precipitate 
produced by addition of xanthydrol. 
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obtained with excessive amount of ammonia sug- 
gested a considerably easy formation of form- 
amide in the presence of the reaction products 
(powder and liquor). This was reexamined by a 
succeeding reaction between ammonia and carbon 
monoxide, both being admitted newly in the auto- 
clave immediately after only the gaseous products 
had been purged out. Actually the reaction pro- 
ceeded more rapidly than it did without the 
presence of reaction products. 

Results of the further experiments along this 
line are listed in Table I. The formation of 
formamide could be accelerated neither by the 
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The crude powder is insoluble in most of 
solvents, and can not therefore be further 
purified by recrystallisation, while a potas- 
sium salt of the complex anion has been 
crystallized from its caustic potash solution, 
in yellow fine prismatic crystals, which 
have appeared to have the composition 
K.(Fe(CN),(CO)(NH;))-1.5H,O. Considering this 
composition in conjunction with that of the 
crude powder, the powder seems to consist 
of a complex anion (Fe(CN),(CO)(NH3;))?- and 
a complex cation (Fe(NH3);)?*. 


TABLE I 
EFFECT OF THE REACTION PRODUCT UPON FORMATION OF FORMAMIDE 


Initial Pres. 


Exp.* NH; Additive (room temp.) 
g. g. kg./cm? 
No. 1 80 HCONHg2 45 117 
No. 2 80 Powder 35 130 
HCONHs» 45 
No. 3 80 Liquor 80 115 
No. 4 80 Urea 25 115 


HCONHg 45 


presence of the liquor-free powder nor by that 
of formamide (Exp. No. 1 and No. 2), but was 
accelerated markedly by the presence of the brown 
liquor of the crude reaction products (Exp. No. 3). 
Eighty grams of the liquor involved 41.7 g. form- 
amide, 19.3g. ammonium carbamate”, 1.1 g. iron 
and 8.9g. urea**, among which urea was felt as 
promising the accelerating effect. The effect was 
actually realized (Exp. No. 4) and the accerelating 
action of the reaction product may be ascribed 
to urea. 


Summary 


Iron pentacarbonyl has been found to react 
with ammonia under high pressure of carbon 
monoxide at temperatures higher than 150°C, 
to result in a stable powder usually having 
the practical composition Fes(CN),(CO)(NHs3)s. 
In a particular case of the reaction the 
composition tends to increase in (CQO) but 
decrease in (NH;), till it attains the composi- 
tion Fe,(CN),(CO).(NH:3)3. 


All the experiments were conducted for five hours, at 175-185°C. 





Gas after 


End Pres. Reaction Increase in 
(room temp.) HCONH2 
CO He 
kg./cm? % % g. 

110 73.0 ys Oe =) 

116 69.8 21.2 z=) 

77 51.8 39.6 27 

81 60.8 29 °4 31.3 





Besides this compound having a different 
chemical composition from those found by J. 
A. Miiller and thereafter by W. Hieber et al., 
its manufacturing procedure is characterized 
by the use of iron pentacarbonyl and am- 
monia as the starting materials. 

The product obtained by the reaction of 
iron pentacarbonyl and ammonia under high 
pressure of carbon monoxide has been found 
to accelerate markedly the formation of form- 
amide from carbon monoxide and ammonia. 
The product comprises powder and brown 
liquor, and further the liquor consists of 
formamide, ammonium carbamate, urea and 
a minute quantity of an iron salt, among 
which urea seems most effective for the 
acceleration. 


Government Chemical Industrial 
Research Institute, Tokyo 
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Synthesis of 4-Methoxycarbostyril 


By Yuriko TANAKA 


(Received July 25, 1955) 


4-Methoxycarbostyril 
been synthesized by reliable methods was 
synthesized by the following unambiguous 
method, as an intermediate product for syn- 
thesizing a certain natural product. 

4-Nitroquinoline 1-oxide (II), given by nitra- 
tion of quinoline 1l-oxide (I) with potassium 
nitrate, boiled with sodium methylate 
to convert to 4-methoxyquinoline 1-oxide (III). 
The synthetical methods and the structure 
proofs of (II) and (III) were previously worked 
out by Ochiai”. Henze”? had reported that 
treatment of quinoline 1-oxide (I) with benzoyl 
chloride and potassium hydroxide gave car- 
bostyril(V). Henze’s procedure was confirmed 
by the author, and by the application of his 
method to 4-methoxyquinoline 1l-oxide (III), 


which had not yet 


was 


4-methoxycarbostyril (IV) was obtained as 
colorless needles, m.p. 257°. 
NO, OCH; OCH; 
| ' fel - | 
N ‘ N \/ N NAO 
| i H 
O O O 
(I) (II) (IIT) (IV) 
OR’ 


(VI) R=R’=H 
(VII) R=CHsz, 

| R’=H 

“VY ONAO X\Y/SNAOR (VIII) R=R’=CH; 


It was soluble in 10% aqueous sodium hy- 
droxide and in 20% hydrochloric acid when 
warmed. It gave negative ferric chloride 
test and no reaction occurred when boiled 
with acetic anhydride. 

There are three reports concerning the 
synthesis of 4-methoxycarbostyril ; Meyer and 
Heimann® obtained a compound, m.p. 271°, 
and Naito”, another, m.p. 174-176°. The 
identity of both compounds is ambiguous 
because of the lack of structure proof. 
Arndt, et al.” reported recently that a mono- 

1 E. Ochiai, J. Org. Chem., 18, 534 (1953). 

2) M. Henze, Ber., 69, 1566 (1936). 

3) A. Meyer and P. Heimann, Compt. rend., 203, 335 


1936). See also Ref. 5). 


4) Naito, J. Pharm. Soc. Japan, 67, 144 (1947). 


5 F. Arndt, L. Ergener and O. Kutlu, Chem. Ber., 86, 
951 (1953). 


methoxy compound, m.p. 257°, was obtained 
from 2,4-dihydroxyquinoline (VI) by treatment 
with diazomethane. They deduced that this 
compound must be 4-methoxycarbostyril (IV 
but not 4-hydroxy-2-methoxyquinoline (VII 
from the fact that mild hydrolysis of 2,4- 
dimethoxyquinoline (VIII) gave the same 
monomethoxy compound, m.p. 257°, and _ that 
in this case a methoxyl group at the 2-posi- 
tion is hydrolysed more easily than one at 
the 4-position®. On the other hand, it leaves 
no doubt that the structure of the compound, 
m.p. 257°, obtained by the author, is (IV), 
considered from the synthetical course of the 
author. Arndt and the author made mixed 
melting point determination individually. 
Both specimens showed m.p. 257° and both 
were unchanged by admixture. In view of 
this there is no doubt about their identity. 


Experimental” 


Quinoline 1-oxide (I)).—To 10g. of quinoline 
in 244ml. of glacial acetic acid was added 16 ml. 
of 30% hydrogen peroxide. The mixture was 
heated at 70° in a water bath for eight hours. 
The solvent was removed at reduced pressure and 
to the residue was added saturated aqueous sodium 
carbonate to make the solution alkaline. This 
alkaline solution was extracted with chloroform. 
A viscous syrup was obtained by removal of the 
solvent and solidified on standing. It was broken 
up under ether, filtered, and washed with ether, 


m.p. 45-50". Yield 10g. Pure quinoline 1-oxide 
dihydrate; m.p. 60-62°, b.p. 171-172°;4 mm. 
4-Nitroquinoline 1-oxide (II)).—The crude 


product obtained above 
of conc. sulfuric acid. 


was dissolved in 24 ml. 
To this solution was added 
7g. of potassium nitrate. The mixture was 
heated at 70° in a water bath for three hours. 
On cooling, the reaction mixture was poured with 
Stirring into 500ml. of ice water. The yellow 
product was collected on a filter, washed succes- 
sively with water, dilute aqueous sodium carbonate 
and finally with water. The solid was dried to 
give 8g. of material, m.p. 152°. Recrystallization 
from acetone gave yellow needles, m.p. 154°. 
4-Methoxyquinoline 1-oxide (III)*.—To 0.65 
g. of sodium metal dissolved in 250 ml. of absolute 
methanol was added 5 g. of 4-nitroquinoline 1l-oxide. 
The solution was heated for 4.5hr. in a 
bath and the solvent was removed. Water was 
added and the product was extracted with chloro- 


water 


6 F. Arndt and L. Loewe, Chem. Ber., 84, 319 (1951). 


All melting points were un-corrected. 
8 E. Ochiai, et al., J. Pharm. Soc. Japan, 63, 265 
1943). 
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The solvent was removed and the residue 
It soon solidified. The solid 
was triturated with ether to give colorless pillars, 
m.p. 54-55°, yield 3.5 g. (76%). 
4-Methoxycarbostyril ([V).—To a solution of 
16g. of sodium hydroxide in 180ml. of water 


form. 
was poured in a dish. 


was added 7g. of 4-methoxyquinoline 1-oxide. 
Benzoyl chloride (7 ml.) was added dropwise with 
vigorous stirring. The thick white solid thus 
obtained was collected on a filter, washed with 
dilute aqueous sodium hydroxide and water. The 
yield of colorless solid, m.p. 251-253", was 3g. 
(43%). Three recrystallizations from methanol 
gave an analytical sample as colorless needles, 


m.p. 257°. No depression in melting point was 
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observed on admixture with the specimen received 

from Prof. Arndt. 
Found: C, 68.03; 

CiHgNOz: Cc, 68.55; 


H, 5.06; N Calcd. for 


H, 5.18; N, 


7.99. 
7.99. 
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The Quasi- 


Static Drawing of Polycapramide. I. The Temperature Dependencies, 





Introduction 


The phenomenon of cold-drawing observed 
on polymeric substances is important for 
manufacturing synthetic fibres, e.g. poly- 
amaide, polyester, polyethylene, afterchlori- 
nated polyvinylchloride etc., because their 
mechanical properties are improved markedly 
by drawing. Even in the solidified state 
below the softening temperature, they can be 
elongated extremely beyond the yield point 
toward rupture. Such a phenomenon is also 
a very interesting problem on the chemical 
physics of high molecular substance. About 
the mechanism'—” of this phenomenon several 
opinions have been known, but their funda- 
mental proposals are different from each other. 
None of them are sufficient to interpret the 
experimental facts, and the principal key of 
mechanism is considered not to have yet 
been grapsed. The main and ultimate objects 


* Presented at the symposium on polymer science of 
the Chemical Society of Japan in Nagoya, November 11, 
1954. 

1 V. W. Broser K. Goldstein and H. E. 
Kolloid-Z., 106, 187 (1944). 

2) C.W. Bunn and T.C. Alcock, Trans. Faraday Soc., 
41, 317 (1945). 

3) W.M.D. Bryant, J. Polymer Sci., 2, 547 (1947 

4) F.H. Miller, Kolloid-Z., 115, 118 (1949), ibid., 
126, 65 (1952). 

5) F.H. Miller and K. Jackel, Kolloid-Z., 129, 145 
1952); Makromo!. Chem., 9, 97 (1953). 

6 I. Marshall and A.B. Thompson, Nature, 171, No. 
4340, 38 (1953); Proc. Roy. Soc., 221A, 541 (1954). 


Kriger, 


7) K. Jackel, Kolloid-Z., 137, 130 (1954). 


the Softening Temperature and the Second-order Transition Point 


By Hirosuke YUMOTO 





(Received July 20, 1955) 


of this study are to discover the general 
mechanism of cold-drawing which can inter- 
pret the experimental facts extensively and 
to give instructions for the manufacturing 
application. 

The comprehensive experiments of draw- 
ing at the various conditions have been 
attempted about polycapramide and the elon- 
gation-stress curves of melt spun unstretched 
polycapramide fibre have been investigated 
as the first step. The following factors are 
concerned in the behavior of drawing, 1) the 
temperature, 2) the adsorbed water (also 
plastisizer in wider sense), 3) the rate of 
drawing, and 4) the microstructure (e.g. the 
heat-treatment or various operations at the 
time of spinning). It is necessary to investi- 
gate each factor separately. As the develop- 
ment of heat is accompanied by drawing, if 
the rate of drawing is large, the unevenness 
of temperature is caused in regard to time 
and space so that temperature and humidity 
cannot be kept constant. Then firstly the 
isothermal behaviors have been studied at 
the quasi-static deformation, where the rate 
of drawing is very small and further tem- 
perature and humidity are kept constant. 
In order to experiment at any chosen tem- 
perature and humidity below 100°C, the test 
materials must be completely isolated from 
the open atmosphere. The dependencies on 
temperature at completly dried state (R.H. 
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0%), the observed singular temperatures, and nofil 
the discussions about them are described in J and 
this paper. (wit 
~ Condensor poly 
Measurement of the Elongation-Stress from 
Curves a-fol 
The measuring apparatus for the elongation- > bes IS fr 
stress curves are shown in Fig. 1. In all cases AY Z mat 
. . . vA ° 
the stress was measured with a cantilever equip- ay Y whic 
. . . . y , 
ped with the electrical strain-gauge*»a ; the strain j q G T! 
. . . y - ~ 
of cantilever was indicated as the change of the 4G Y was 
° .: ° oT Ap Y ingd 
electrical resistance of the strain-gauges. The AY Y 
: We j cain 
stress subjected to lever was found through the 7 AY 3 was 
. . . Z Z > 
calibration indicating the relation between the Maneeial € 4 y elen 
‘ ‘ e AY 4% > 
stress of cantilever and the electrical resistance ww, Y mer 
ph : A@g 7 i 
of the gauges. The observational error was about I q imp 
o i ae ein . f 
+0.5g. (2-5%). The elongation of the test mate- y Z atte 
rial was measured with the cathetometer. FH that 
ra , — - : 
Fig. 1 (A) is the apparatus used for the meas- Strain 4-7 xatl 
urement below 100°C where the test material _ 
must be isolated from the open atmosphere in aes 
order to keep the water adsorption constant; the 
humidity in the container was controlled with 
phosphorus pentoxide or aqueous solution of sul- 
phuric acid. As the uniformity of temperature 
between strain gauges which are fixed on both ” 
; ; : ‘ Fig. 1 (B) 
faces of the cantilever is severely demanded in 
or > meas > t » Ss ss Cc vel yr > C Re 
order to me sure the stress correctly, the c onta Cathetometer 
iner is heated through a jacket of water». The 4 
outside lever, held with the cathetometer, is linked a 
to the inside cramp of the test material with the He - 
glass rod; at the path of this rod the container a 
“ge fe ec ‘ . = j* Glass 
is sealed with mercury or liquid paraffine in the = Rod Strain 
manner shown in Fig. 1 (A). | 
Cathetometer 
—~Condensor 
, 
Thermo-_ ; 
} meter } 
H.SO, ‘ 
aq: Strain 
4 (iauges 
Test - 2 
¢l Material Fig. 1 (C) 
. Fig. 1 (B) is the apparatus used for the meas- 
scons urement above 100°C where sealing is not neces- 
sary because of the slight effect of the atmospheric 
humidity. As the effect of temperature is larger 
at higher temperature, the specimen is heated at 
a constant temperature through the medium of 
vapor of some appropriate boiling organic liquid. 
a “4 Fig. 1 (C) is the apparatus used for the meas- 
Fig. 1 (A). The apparatus for measur- urement in which the test material is steeped in 
ing the elongation-stress curves. the liquid (e.g. water). 
8) H. Hindman and C.M. Krook, Text. Res. J., 15, The test materials were 60.0 denier (¢ 0.086 mm.) P 
233 (1945). olycapramide (nylon 6) unstretched semi-dull mo- 
poly y s 
a) The zero-method measuring was used. 
b) For the stability of adhesion of the strain gauge, c) This apparatus was not used for measuring in this 
Bakelite A was used as the adhesives and baked at 120- paper (Part I), but used for measuring in following 


130°C for thirty minutes. papers. 
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nofilament containing 1-2% caprolactam monomer such measuring procedure reveals the quasi-static 
and oligomers. They were spun by only chilling behavior. As the stretching rate is sufficiently 
(without water) from the chips whose degree of small to disperse the heat generated by stretching, 
polymerization was about 100. On rapid codling such a deformation is assumed to be isothermal. 
from the melt, the mesomorphous state called When the experimental temperature is high, 
a-form’, which is stable at a higher temperature, the effect of heat-treatment may be expected to 
is frozen at room temperature without transfor- occur. Therefore it must be considered how many 
mation into the crystalline state called  -form minutes are spent till the start of the stretch 
which is stable at a lower temperature. since the temperature of the specimen has attained 

The original sample was 1.50cm. in length and to the experimental temperature, where the 
was manually stretched step by step until break- stretch is to be excuted. The next test was 
ing. Three minutes after each step, the stress made to examine such effect. Stretching was 
was measured. On account of the structural started either fifteen or sixty minutes later since 
elements of the much ratarded relaxation in poly- the specimen is brought to the experimental tem- 
mer, the correctly static experiment is practically perature of 114°C, but the distinctness of behavior 
impossible. Persuing the stress relaxation curve between both cases was not observed. In case 
after stretching of any extent, it was observed of these experiments, stretchings were always 
that after three minutes the rate of stress rela- started thirty minutes later after the setting of 
xation became much smaller: then the elapsed the specimens in the container, the temperature 
time of three minutes was chosen for convenience ; of which had been previously kept at the meas- 
therefore it can be conventionally considered that uring temperature. 


60°C 100°C 
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L 
neas- A 
eces- 77 
1eric 00 > 0 
rger ae 50 100 = :150 0 50 100 
a at Elongation (%) Elongation (% Elongation (%) 
m OL , 
juid. [G] (H] (1] 
leas- Fig. 2. [AHI] The elongation-stress curves of polycapramide at various 
1 in temperatures in completely dried state. 


nm.) 9, R. Brill, Z. Phys. Chem., B53, 61 (1943); J. Prakt. step was 0.10cm., 0.30cm., or 0.50cm. respectively. 
mo- Chem., 161, 49 (1942); K. Fuchino and A. Okada, Shortening the stretched extent per one step, the similar 
Scientific Reports of Toyo Rayon Co., No. 13, 163 curves were obtained. This procedure was adopted but 
1949) (in Japanese). only in order to save the time and investigate closely 
d) When the specimen was elongated from initial the important portion of the curve. The examples where 
1.50 cm.) to 2.30 cm., from 2.30 cm. to 5.00 cm. or from the stress was measured at the constant rate of elonga- 
5.00 cm. to rupture, the extent of stretching per each tion shall be described in a subsequent paper. 
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The Results of Measurement 

The quasi-static elongation-stress curves ob- 
tained at the R.H. of 0% and from the room 
temperature to 200°C are shown in Fig. (A)}(I).2 
Below 40°C, the randomness in each of the meas- 
urings is large and breaking sometimes happens 
on the way of stretching and the curves are 
always zig-zag. (The zig-zag points are smoothed 
in Fig. 2.) Above 60°C, all curves are smooth 
and the reproducibilities are excellent©. 

How to define the cold-drawing is thought to 
have not yet been established. From the stand- 
point of the fiber manufacturing application the 
author will temporarily regard it as the process 
where the permanent several hundreds per cent 
elongation and the work hardening phenomenon 
with the increment of molecular orientation occur 
by stretching. But if one accepts such a defini- 
tion the phenomenological peculiar feature of the 
cold-drawing should be only quantitatives, that 
is to say, the permanent elongation is particularly 
large. When stretching is carried out, the state 
of coexisting of two phases, stretched and un- 
stretched, occurs in most cases; and the necking 
appears at the boundary of two phases. In such 
a case the unstretched phase transforms into 
the stretched ore with elongation and during this 
state the stress stays almost constant as if the 
liquid solidifies at a constant temperature. But 
the cold-drawing is an irreversible process and 
is profoundly distinct from the reversible process 
of the solidification which can be treated with 
the conventional thermodynamics. F. H. Muller 
and K. Jackel.) have defined the cold-drawing 
by the coexistence of two phases discriminating 
it from the ordinary drawing. Stretching poly- 
capramide in water, such a coexistent state does 
not appear until breaking; the whole system is 
uniformly elongated. (The details shall be men- 
tioned in the next paper.’ However, in spite of 
the permanent several hundreds per cent elonga- 
tion and the orientation of molecules, such draw- 
ing is not said to be the cold-drawing from the 
standpoint of the Miuiller-Jackel’s definition. The 
definition can be established by determining the 
general mechanism™ of drawing which shall be 
described in a subsequent paper. Nevertheless 
this coexistent quite a characteristic 
feature so that it is requisite to take close con- 
sideration upon it. 

The coexistence of 
corresponds to the 
stress curve. The 


state is 


the two phases (necking) 
curious shape of elongation- 
relation between the necking 
and the shape of curve is illustrated by Fig. 2 
({C) for example; it is apparently observed that 
from the origin to the point C only unstretched 
phase, from the point B to breaking only stretch- 
ed phase, and between points C and B both phases 
are found. Once the stretched phase appears 
from the unstretched phase, the stress decreases 
a little (gradually in case of polyamide). And 


e) The times of measurement are three in the case of 
better reproducibility and from five to ten in the case of 
worse reproducibility. 

10) H. Yumoto, presented at the symposium on rheo- 
logy in Tokyo, June 3, 1955. 

f) The stress once decreases gradually in the case of 
polyamide or afterchlorinated polyvinylchloride, but 
sharply in the case of polyethyleneterephthalate, 
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then as far as both phases coexist, the stress gj 
almost kept constant. Once the unstretched phase 
disappears, the stress begins to increase sharply 
again. For the present, assuming the difference 
of stress (4Wc) between the points C and B as 
the additional stress for the formation of the 
necking, the stress at B (Wc) is taken as the sta- 
tionary stress for the proceeding of the necking. 
The number of neckings is generally one or two. 

Smoothing the obtained curves below 40°C, 4We 
are possibly considered to be almost zero. With 
the rising of the temperature, 4Wce increases to 
maximum 4-5g. at 70°C, and decreases to almost 
constant value 1-2¢g. from 80°C to about 170°C, 
and then decreases to zero again. 

The stationary stress for the proceeding of the 
necking (Wc), the elongation region in which the 
necking exists (a), and the additional stress 
required for forming the necking (4Wc) are respec- 
tively plotted against the temperature in Figs. 3, 
tand 5. The stress and elongation at breaking, 
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Temperature (°C) 
Fig. 3. The yield stresses at 
temperatures. 
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Fig. 4. The two phases coexisting re- 
gions of elongation at various tem- 
peratures. 
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Fig. 5. The additional stresses for for- 
mation of the necking at various tem- 
peratures. 
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various temperatures. 
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Fig. 7. The elongations 
various temperatures. 


to rupture at 


which have generally large values of randomness, 
are plotted aginst the temperature in Figs. 6 and 
7. In these figures the length of lines at the 
positions of the plots indicates the magnitude of 
randomness. 

In all these figures the singular point is expli- 
citly found at 70-80°. Considering that the zig- 
zag unevenness in the obtained elongation-stress 
curve is much smaller above this temperature 
than it is below this temperature as previously 
stated, it is probably the so-called polymer’s 
sécond-order transition temperature. Because the 
melting point (68-70°C) of caprolactam monomer, 
about 1% or less of which is contained in the 
test materials, is near this temperature, the effect 
of this monomer should not be neglected. The 
lactam monomer free test material which was 
prepared by extracting it with water or benzene 
for seven days at room temperature, showed the 
same value of Wc with that of untreated materials. 
It is concluded from this result and the humidity 
effect which shall be described in the next paper 
that this singular point has no relation to the 
melting point of caprolactam monomer which is 
contained. 

Another singular point, not so clear as at 70- 
80°C, appears in each figure at 170-180°C. Prac- 
tically above this temperature no maximum or 
minimum is found in the elongation-stress curves. 
This will probably be thes oftening point, which 
will be discussed in the following section. 

Furthermore one may find the maximum near 
140°C in Figs. 6 and 7. But the singularity at 
this temperature does not appear in other figures; 
therefore this singularity is assumed to be related 
only to the behavior toward rupture. 
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Below 40°C the necking sometimes remains in 
the broken test material and the milky regions 
are always observed in the stretched phase. The 
milky regions are readily produced after the 
unstretched phase is transformed into the stretch- 
ed one. Above 40°C no necking remains in the 
broken test material and the milky regions are 
not observed until just before breaking. When 
the milky region is observed under a microscope, 
for instance, the cloudy bands of 24,4 in length 
and the transparent bands of 20” in length are 
found alternately in stripes along the specimen 
of 56 in diameter. 


Discussion 


1) The Singularity at 179-180°.—The sin- 
gular point at 170-180°C is found in Figs. 3 
7, which is conclusively regarded as ihe 
statical softening point from the results of 
the following experiments. 

The polycapramide filaments 
or 00.4mm diameter, which 
drawn to four times their original length, 
were steeped in a diphenyl-dipheny! ether 
bath which was heated with an oil bath (-£1°C) 
and the shrinkages of them were measured 
with the cathetometer: the results are shown 
in Table I. Attaining 190°C the breaking 
through melting or the partial melting occurs 
(m.p. 220°). These phenomena are not con- 
sidered to be affected with the steeping media. 
The experiments in air, where the uniformity 
of heating is rather incomplete, also showed 
the similar phenomena at near 190°C. 


of 0.5mm. 
had been cold- 


TABLE I 
SHRINKAGES OF THE 
POLYCAPRAM IDE 
@=0.5 mm. 
Minute 


THE STRETCHED 


Shrinkage 


% 
> 


Temp. 


150 § 7 
19 
20 
(partly melted) 
melted and broken 
@=0.04 mm. 


Temp. nute Shrinkage 
120 

150 

170 11 


190 melted and broken 


Besides, the stability of the pleats, which 
had been given by ironing for thirty seconds 
at various temperatures, were examined on 
polycapramide clothes: the result showed 
that the pleats bearable to washing with 
boiling water were obtained by ironing above 
180°C. When clothes had been wetted on 
ironing, the durable pleats were obtained 





























































































































































































































































































































































































































50 Hirosuke YUMOUO 


above 80-100°C. (These 
temperatures of iron.) 
These results show the presence of soften- 
ing temperature near 180°C, which are con- 
sidered to be attributed to the macro-Brow- 
nian motion of any regions (amorphous) in 
the polymer'». This temperature may be 
related to the optimum temperature for crys- 
tallization, 180°C or 185-200°C, found by K. 
Kanamaru et al. with the dilatometry'™ or 
by T. Arai et al. with the electrical conduc- 
tivity method'*’, and the temperature where 
the premelting anomaly occurs, 170-180°C, 
found by E. Nagai et al.'® or by S. Ueno 


values were the 


and K. Fuchino'” as regards the Young’s 
modulus. 

(2) The Singularity at 70-80°C.—It has 
been revealed by the measurements about 


various properties of polymer that a singular 
temperature much lower than melting point, 
the so-called polymer’s second-order transi- 
tion point, exists. The examples of the 
known second-order transition temperatures 
of polycapramide are exhibited in Table II. 


TABLE II 
THE SECOND-ORDER TRANSITION TEMPERA- 
TURES OF POLYCAPRAMIDE (T/) 
The method of 


i measuring Reference 
I near 60 dilatometer 12) 
II near 40 ibid. 13) 
III near 30. static Young’s modulus of 15) 


the unstretched yarn 
IV near 60 damping oscillation 19) 
(dynamic viscosity and 
Young’s modulus 
Vv 10—50 
VI 50-60 


VII 70-80 


change of tension 17) 
electrical conductivity 18) 
this study 


Considerable differences are apparent in 
the presented values. This temperature of 
polycapramide descends with the adsorption 
of water and such effect is unexpectedly 
large even in R. H. 10%'" (cf. Part II). The 
values from static measurements of the me- 
chanical properties in atmosphere are lowér 
than the value of this study obtained from 
measuring in completely dried state; this 
lowering is considered to be due to the above 
humidity effect. The effect of less than 1% 
caprolactam monomer contained in polymer 
is not perceptible in the result of experiments 
about specimens in which monomer is removed 

11) H. Yumoto, presented at the 8th annual meeting 

of the Chemical Society of Japan in Tokyo, April 2, 1955. 

12) K. Kanamaru, I. Uematsu and K. Fukuta, J. Soc. 

Polymer Sct. Japan, 7, 4 (1950) (in Japanese). 

13) E. Nagai, N. Aine and Y. Konishi, ibid., 8, 407 

(1951) (in Japanese). 


14) S. Ueno and K. Fuchino, J. Soc. Text. Cell. Ind. 
Japan, 7, 324 (1951) (in Japanese). 
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by steeping in benzene for two 
forty hours. 

The physical interpretation about the poly- 
mer’s second-order transition seems not to 
have been completely established. Polyethy- 
lene exhibits such transitions at —68°C and 
81°C. (m. p. 115°C) The temperature —68°C is 
considered to be apparently the brittle point, 
but 81°C interpreted as the premelting ano- 
maly'’. According to the structural hetero 
geneity of polymer a few of the transition 
temperatures can be observed, but anyhow 
these may be regarded to be based on the 
micro-Brownian motion in the regions of less 
orderliness. The singular temperature on 
the static yield stress of polycapramide at 
70-80°C seems to correspond to the higher 
transition temperature 81°C of polyethylene. 
Another transition phenomenon on the di- 
electric constant of polyamide has_ been 
found at —40°C”"”’ corresponding to the lower 
transition point —68°C of polyethylene. The 
detailed discussion of the transition pheno- 
menon shall be described in another report. 

(3) From the results of these experiments 
the singlar temperatures are found to be at 
70-80°C and 170°-180°C. 

The transformation of the crystal structure 
of polycapramide has been observed to take 
place between 100-150°C by the X-ray diffrac- 
tion method” or near 120°C by the specific 
volume method'”’. It is worth noting that 
the static yield stress exhibits no singularity 
at this temperature region: it shall be the 
underlying experimental foundation for con- 
sidering the mechanism of cold-drawing!®'. 
(cf. Part III). The Young’s modulus also ex- 
hibits no singularity at this temperature 
region’. For the present, one cannot simply 
assume the above described maximum of the 
elongation to rupture near 140°C as the cry- 
stal transformation temperature. Besides 
the singular point at 160°C on the static 
viscosity measurement?” and the development 
of latent heat at 168-173°C on the thermal 
analysis*”? have been observed. The singula- 
rity relating to the transformation of the 

crystal structure shall be discussed on the 


subject of the effect of heat-treatment in 
Part III. 


15 K. Ishikawa, ibid., 9, 614 (1953 in Japanese). 

16) K. Fijino, H. Kawai and |]. Nakano, presented at 
the symposium on rheology in Tokyo, Dec. 6, 1951. 

17 E. Nagai and N. Aine, J. Soc. Text. Cell. Ind. 
Japan, 8, 429 (1952) (in Japanese). 

18) T. Arai and Y. Ito, presented at the 6th annual 
meeting of the Chemical Society of Japan in Kyoto, 
April 2, 1952. 

19) R.F. Boyer and R.S. Spencer, J. Appl. Phys., 15 
398 (1944), 

20 T. Kawaguchi, unpublished. 

21) K, Fuchino, A. Okada and N. Aine, J. Soc. Poly 
mer Sci. Japan, 7, 19 (1950) (in Japanese). 

22 Y. Kinoshita, unpublished. 
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The various mechanisms about the cause 
of the necking formation by elongation have 
been supposed'~*’. Some of them», in 
which the necking is mainly attributed to 
the heat generated by stretching, seem to be 
questionable from the fact that the necking 
can occur even in the isothermal stretching. 
The two phase coexisting state of after- 
chlorinated polyvinylchloride has been treated 
by Miller with the thermodynamic equili- 
brium, the van der Waals’ equation being 
applied’, but on polycapramide such discus- 
sion seems to be unreasonable because of the 
irreversible nature of the process; the 
stretched specimen cannot shrink to the 
initial length even if it is heated over the 
softening temperature. The cause of the 
necking formation shall be described in the 
subsequent paper'"”. 


Conclusion 


According to the program in which the 
comprehensive studies on the cold-drawing of 
the polymer were intended, the author obtained 
firstly some informations concerning the 
effects of temperature upon the drawing 
of polycapramide. The test material was 
quasi-statically elongated under the constant 
temperature in completely dried state, and 
then the corresponding stress was measured 
by means of the electrical resistance strain- 
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meter. Polycapramide can not be smoothly 
elongated below 40°C, but can be smoothly 
done above 60°C : moreover the reproducibility 
becomes better above 60°C. The necking 
appears in course of stretching under the 
coexistence of unstretched and _ stretched 
phases, and during such state the stress (Wc) 
stays almost constant which is assumed tem- 
porarily as the yield stress. For the forma- 
tion of the necking an additional stress (4Wce) 
besides Wc is observed. Plotting the values 
of Wc, the region of elongation during the 
state of the two phases coexisting and the 
stress or the elongation to rupture against 
temperatures, two singular points are found 
at 70-80°C and 170-180°C. The former is 
considered to be seemingly the so-called poly- 
mer’s second-order transition temperature 
and the latter to be the softening tempera- 
ture. At the temperature region where the 
transformation of crystal is possible, no sin- 
gularity is observed. 


The author wishes to thank Dr. K. Hoshino 
and Dr. H. Kobayashi who instructed him on 
studies and permitted the publication and 
Mr. M. Nakata who collaborated with him 
on experiments. 


Research Department of Toyo Rayon Co. 
Ltd., Ohe-cho, Minato-ku, Nagova 






On the Thermal Dissociation of Organic Compounds. VIII. The Effects 


of the Substituents on the Thermal Dissociation of Tri-substituted Ureas 


Introduction 


The kinetics of the thermal dissociation of 
urea and di-substituted ureas in fatty acids*-”’ 
and alcohols» have been studied and, in the 
present work, the kinetics of the thermal 
dissociation of tri-substituted ureas in fatty 
acids and alcohols were studied. The effects 
f the substituents and those of the solvents 


1) Department of Physics and Chemistry, Gakushuin 
University, Mejiro, Tokyo. 

2 T. Hoshino, T. Mukaiyama and H. Hoshino, J. Am. 
Chem. Soc., 74, 3097 (1952). 

3 Idem, This Bulletin, 25, 392 (1952). 

4 T. Mukaiyama and T. Matsunaga, J. 
Soc., 75, 6209 (1954). 

5 T. Mukaiyama, S. Ozaki and T. 


Am. Chem. 


Hoshino, This 


Bulletin, 27, 578 (1954). 


- By Teruaki MuKAIYAMA®, Shoichiro Ozaki and Yasuhiro KOBAYASHI» 


(Received August 6, 1955) 


on the dissociation of these ureas compared 
with those of 1,3-disubstituted ureas are 
discussed. 

The reaction in fatty acids can be followed 
by measuring the rate of evolution of carbon 
dioxide (Eq. 3), as the reaction (1) is a rate- 
determining step. In the case of 1, 1-dicy- 
clohexy1-3-m-propylurea in capric acid, for 
example, the mechanism shown by Eggs. (1)-(3) 
is considered. 


(CsHi1:)2N—CO—NHC;H; == 





C;H;N=C=0-+(C;H,,)NH (1) 
C;H-N =C=0+C,H,,COOH pectin 
C,H, yCOOCO- NH-C;H; (2) 




























































































































































































































































































































































































































































C,H, ,COOCO-NH-C;H; —— 
Cy)H,,CONH-C;H;+CO, (3) 
In alcohols the dissociated isocyanate reacts 

with the solvent to form urethane. 

C;H;N=C=0+C,;H;,CH,OH <== 


C.H;NHCOOCH.C;H, (4) 
The reaction in alcohols can be followed by 
measuring the amount of amine formed 
according to Eq. (1). 

Tetra-substituted urea which has no 
mobile hydrogen atom did not dissociate 
under the same condition as that of ureas 
having more than one mobile hydrogen atom. 


Experimental 
Precedure—The procedure for measuring the 
rates of disscciation of ureas in fatty acids** 
and in alcohols» have been described previously. 
On plotting the 
dioxid¢ ° 


logarithm of volume of carbon 
AY, evolved at regular intervals of time, 


a straight line was obtained. This indicates a 
first order reaction rate. The rate constant is 
given by the gradient of such a plot, as shown 


in Fig. 1. 








Fig. 1. 
diisoproply-3-phenylurea in capric acid 
at 139.5°C.; the plot of log 4Y against 
time. 


Thermal disscciation of 1, 1- 


Preparation of materials.—/, 1-Dicyclohexyl-3- 
phenylurea: from phenyl isocyanate and dicyclo- 
hexylamine, m. p. 174-5°C, recrystallized from 
ligroin. Found: N, 9.22. Caled. for CipH2sONo: 
N, 9.32 %. 

1, 1-Dicyclohexyl-3-n-propylurea: from n-propyl 
isocyanate and dicyclohexylamine, m. p. 146°C, 
recrystallized from ethanol. Found: N, 10.64. 
Calcd. for CisHyON2: N, 11.34 %. 
hygroscopic substance. 

1, 1-Diisopropyl-3-n-propylurea: from n-propyl 
isocyanate and diisopropylamine, m. p. 54-6°C and 
b. p. 129°9mm. Found: N, 14.91. Caled. for 
CyH2ONe: N, 15.02 5 

1, 1-Diisopropyl-3-phenylurea: from phenyl 
isocyanate and diisopropylamine, m. p. 118°C, 
recrystallized from ligroin. 

1, 1-Dibenzyl-3-n-propylurea: from n-propyl iso- 
cyanate and dibenzylamine, m. p. 88°C, recrystal- 
iized from ligroin. 


This is a very 


6) T. Mukaiyama, ibid, 28, 253 (1955). 
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1, 1-Dibenzyl-3-phenylurea: from phenyl isocya 
nate and dibenzylamine, m. p. 124°C, recrystallized 
from ligroin. 

1, 1, 3, 3-Tetra-n-butylurea (I): Phosgene was 
passed through a solution of 12 g. (1/10 mole) of 
di-n-butylamine and 26g. (1/5 mole) of potassium 
carbonate for three hours. Then the precipitated 
potassium chloride was filtered and the solution 
was extracted with benzene. After drying over 
anhydrous sodium sulfate, benzene was evaporated 
and 4g. of colorless liquid (I) was obtained by 
distillation boiling at 177-8°C/19mm. Found: C, 
71.30; H, 12.35. Caled. for Ciz7H330Ne: C, 71.77; 
HB, 22.76 %. 

Solvent.—Solvents were purified by the same 
method as described) previously. The boiling 
points for fatty acids and alcohols are as follows: 
n-Capric acid b. p. 121-3°/3.2-3.5mm.; n-caproic 
acid b. p. 104-67/16.5-17 mm.; phenylacetic acid 
b. p. 117°/4.5mm.; benzoic acid m. p. 122°; 
glycerol 185°/23mm.; benzyl alcohol b. p. 1147/38 
mm.; ethylene glycol b. p. 120°/20 mm. 

The ratio of ureas to solvents were 1 mole: 
100 moles. The rate constants of the thermal 
dissociation of these ureas in fatty acids and 
alcohols are summarized in Table I. The rates 
were first order with respect to ureas. 


Discussion 


As to the effects of the subtituents on the 
dissociation, it is shown by the present ex- 
periment that the rates of dissociation of six 
ureas decrease in the order, 
1, 1-dicyclohexyl-3-phenylurea > 
1, 1-dicyclohexyl-3-n-propylurea, 
1, 1-diisopropy1-3-phenylurea > 
1, 1-diisopropyl-3-2-propylurea 
1, 1-dibenzyl-3-phenylurea> 
1, 1-dibenzy1-3-n-propylurea 
As shown in the above order, as to the 
1, 1-substituents, the rates of dissociation 
decrease in the series, 
1, 1-dicyclohexy!>1, 1-diisopropyl 
1, 1-dibenzyl 
and as to the 3-substituents, the rates 
decrease in the series, 
3-phenyl > 3-n-propyl 
These results can be explained by the 
proposed mechanism’, in which ureas dis- 
sociate by the double transfer of their proton. 
Accordingly, the basicity of one nitrogen 
atom and the acidity of the other nitrogen 
atom in ureas are dominant factcrs for the 
dissociation. As described in the previous 
report®’, the relative basicity of the nitrogen 
atom in ureas is represented by the basicity 
of the corresponding amines. Benzylamine 
is a weaker base than cyclohexyl and isopro- 
pyl amines and, in these six ureas studied, 
1, 1-dibenzylureas are less likely to take up 
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proton from solvent than the other four 
ureas. 

Also, the steric strain considered in four 
ureas other than 1, 1-dibenzylureas will be 
favorable for the dissociation which forms 
less strained component compounds. 

These two effects will explain the slower 
rates in 1, 1-dibenzyl ureas. 

Tri-substituted ureas, except in the case of 
1, 1-dibenzylureas, dissociate much faster than 
1, 3-di-substituted ureas as shown in Tables 


is also an important factor. In these six 
ureas, three ureas have a phenyl group on 
the 3-nitrogen atom and the rest have an 
n-propyl group on the 3-nitrogen atom. The 
acidity of the former ureas are stronger than 
the latter because of the +E effect of the 
phenyl group. Therefore, 3-phenyl substituted 
ureas are easier to donate a proton to solvent 
than 3-v-propyl ureas. The slower rate in 
3-n-propylureas than in 3-phenylureas are 
shown in the experiment. 


1.77; land II. In tri-substituted ureas, the basicity Another interesting fact is that, tri-sub- 
of one nitrogen atom corresponds to a stituted ureas dissociate faster in alcohols 
secondary amine and the ureas have a than in fatty acids in contrast with 1,3-di- 
owe: stronger tendency to take up a proton from substituted ureas. In tri-substituted ureas 
proic a solvent molecule than 1, 3-di-substituted having more basic nitrogen atoms than in 
acid ureas having a nitrogen atom which corres- 1, 3-di-substituted ureas, deprotonation by 
22"; ponds to a primary amine. solvent may be a more dominant factor than 
47/38 As mentioned in the previous reports, the protonation in the process of dissociation. 

ability of ureas to*donate a proton to solvent This would be a reason for the faster rates 
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TABLE I 
THE RATE CONSTANTS OF THE THERMAL DISSOCIATION OF TRISUBSTITUTED UREAS IN 
FATTY ACIDS AND ALCOHOLS 
kx 10% (min.~') (at t°C) 


Fatty acids Alcohols 


Solvents 


Phenyl- 
acetic 


Ethylene Benzyl 


Ureas 
glycol | alcohol 


n-Capric n-Caproic Benzoic Glycerol 


1, 1-Dicyclohexyl-3-phenylurea 106+4.0 106 126 28.6 very sparingly 
. (139. 5) (139.5) (139.5) (139.5) fast soluble 
(100) (100) (100) 


1, 1-Dicyclohexyl-3-n-propylurea 96.7+0.3 100 115 29.4 fast 18.8 


o 


2 
oO. 


‘ 


sparingly 
soluble 

1, 1-Diisopropyl-3-phenylurea 36.8 36. 3 29.3 very sparingly 
fast soluble 


1, 1-Diisopropyl-3-n-propylurea 93.5+2.7 37.6 34.5 25 20.3 17.8 sparingly 


soluble 

1, 1-Dibenzyl-3-phenylurea 1,58+0. 08 sae 24.5 ‘ 21.6 10. 4 18.4 
(150) (150) (150) 

3. 06+ 0. 46 y+. ; 29.9 0.54 17.0 
(150) (150) (150) 


1, 1-Dibenzyl-3-n-propylurea 


TABLE II 
THE RATE CONSTANTS OF THE THERMAL DISSOCIATION OF 1, 3-DI-SUBSTITUTED UREAS 
IN FATTY ACIDS» AND ALCOHOLS” 
kk x10? (min.~') (at t°C) 


~ > tv < "ide y ~ 1} Is 

Solvents Fatty acids Alcohols 

Ethylene Benzyl 
glycol alcohol 


Phenyl 


7 Glycerol ¢ 
acetic ‘ 


Ureas n-Capric n-Caproic Benzoic 


1, 3-Diethylurea 26.5 26.5 28.6 10.7 
(155) (155) (155) (155) 
1, 3-Di-n-propylurea 11.1 21.0 23.0 
(174. 8) (175. 1) (175. 1) 


26. 1 9. 67 35. 2 30. 4 31.6 
(175. 6) 7 


1, 3-Diisopropylurea 
(175. 2) 
1, 3-Di-n-hexylurea .6 36.5 6.59 

sparingly 
soluble 


2 
vw 
1, 3-Dicyclohexylurea 
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for dissociation of tri-substituted ureas in 
alcohols than in acids which are very weak 
bases. However, less basic tri-substituted 
ureas, as in 1, 1-dibenzylureas, dissociate 
faster in fatty acids than in alcohols as in 
1, 3-di-substituted ureas. 

Tetra-substituted ureas, such as l, l, 3, 3- 
tetra-n-butylurea, which do not have a mobile 
hydrogen atom can not be formed by the 
addition reaction. These ureas do not react 
under the same condition as that of urea and 
mono-, di- and tri-substituted ureas which 
are formed by the addition of two component 
compounds. 

By the result, the bimolecular mechanism 
of the direct attack of solvent on ureas as 
shown in Eq. (5) is denied. 


O O 
R,N—C—NR2+RCOOH——R,.NC— NR, 





O—H 


OC 
R 
O O 
R.N—C—O—CR+HNR, (5) 


And it can be emphasized that the dis- 
sociation of ureas proceeds by the proposed 
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mechanism in which the double transfer of 
their protons is involved. 


Summary 


The rate constants of the thermal dissocia- 
tion of tri-substituted ureas in fatty acids 
and alcohols were determined. It was shown 
that tri-substituted ureas dissociate faster 
than 1, 3-di-substituted ureas. In tri-sub- 
stituted ureas, the rates in alcohols are faster 
than in fatty acids in contrast with 1, 3-di- 
substituted ureas. 

Tetra-substituted ureas which are not 
formed by the addition reaction do not react 
under the same condition with tri-substituted 
ureas. 

The bimolecular mechanism for the dissocia- 
tion of ureas involving the direct attack of 
one solvent molecule on urea was denied. 


The authors express their hearty thanks 
to Professor T. Hoshino for his frequent 
helpful advice throughout the course of this 
experiment. 


Laboratory of Organic Chemistry, 
Tokyo Institute of Technology, 
Tokyo 


On the Thermal Dissociation of Organic Compounds. IX. The Urea 
Linkage (1,3-Di-substituted Ureas in Alcohols) 


By Teruaki MUKAIYAMA and Yasuhiro FUJITA 


(Received August 6, 1955) 


Introduction 


The kinetics of the thermal dissociation of 
substituted ureas in alcohols have _ been 
studied” and in the case of 1, 3-dibenzylurea 
in benzyl alcohol, for example, the mechanism 
shown by Eggs. (1) and (2) was suggested. 

C;H;CHz,HNCONHCH.C;H, <—> 
C,H;CH2N=C=O+H.,NCH.C,sH, (1) 

C;H;CH.N =C=O+HOCH.CzH, —— 
C,;H;CH,HNCOOCH.C,H, (2) 

As described in the previous report, when 
urea is reacted in a large excess of alcohol, 
the equilibrium between urethane and iso- 
cyanate—alcohol in Eq. (2) is in favor of 
the right side of the reaction and urethane 
is obtained in good yields. Therefore, if 


1) T. Mukaiyama, This Bulletin, 28, 253 (1955). 


the reaction (1) is the rate-determining step, 
one can measure the rate of dissociation of 
urea by determining the amount of amine 
formed according to Eq. (1). 

In the present experiment, the rate con- 
stants of the thermal dissociation of seven 
1, 3-di-substituted ureas in alcohols have 
been determined and the effects of the sol- 
vents and those of the substituents on the 
dissociation reaction are discussed. 


Experimental 


Materials.—1,3-Di-n-propylurea and 1,3-di-n- 
amylurea were prepared from corresponding iscoy- 
anate and water. 

1,3-Di-n-heptvlurea, 1,3-diisopropylurea, 1,3-di- 
isobutylurea and 1,3-dicyclohexylurea were prepared 
from corresponding amines and phosgene in aqu- 
eous potassium carbonate. 
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1,3-Di-t-butylurea was prepared from f?-butyl 


alcohol and urea. 

The melting point and the solvent used for re- 
crystallization of these ureas are summarized in 
Table I. 


TABLE I 
m.p. (°C) 
,3-di-n-propyl- 105 
,3-di-n-amyl- 84 
,3-di-n-heptyl- 91 
.3-diisopropyl- 192 
1,3-diisobutyl- 135 70% aqueous ethanol 
1,3-dicyclohexyl- 227 70% aqueous ethanol 
1,3-di-t-butyl- 248 80% aqueous ethanol 


Solvent 
ligroin 
ligroin 


Ureas 


ligroin 
ligroin 





The following alcohols were used: benzyl 
alcohol, b.p. 114°C/38mm.; ethylene glycol, b.p. 
120°C,20 mm.; glycerol, b.p. 185°C/23mm.: 

Procedure and analysis.—The experimental 
procedure was essentially that used in the earlier 
investigation». The amount of amine produced 
in any reaction system was determined by titra- 
tion with 0.1N hydrochloric acid, back-titration 
being carried out with 0.1N sodium hydroxide 
using methyl red as indicator. 

The rate constants for the thermal dissociation 
of ureas at temperature near 175°C were deter- 
mined under the following conditions: 

(a) 1,3-Di-n-propylurea (1 mol.) in benzyl alcohol 
(100 mol.), given as an example of a typical run: 
Fig. 1. The rate constants were obtained by 
Guggenheim’s method”. 


log AY 
04 








\ 


| 


re 
min) 
Fig. 1. Thermal dissociation of 1,3-di-n- 
propylurea in ethylene glycol at 174.8°C; 
the plot of log 4Y against time. 


(b) Ureas (1 mol.) in alcohols (100 mol.)—The 
ureas were 1,3-di-m-propylurea, 1,3-di-n-amylurea 
1,3-di-n-heptylurea, 1,3-diisopropylurea, 1,3-diiso- 
butylurea, 1,3-dioyclohexylurea and 1,3-di-t-butyl- 
urea and the alcohols were benzyl alcohol, ethylene 
glycol and glycerol. The results are shown in 
Table II. The rates were first order with respect 
to ureas. 


2 E.A. Guggenheim, Phi/. Mag., 2, 538 (1926). 
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TABLE II 
THE RATE CONSTANTS OF THE THERMAL 
DISSOCIATION OF 1,3-DISUBSTITUTED UREAS 
IN ALCOHOLS 
kx 10? (min.~!) (t°C) 
Alcohols | ae 





Benzyl | Ethylene 


alcohol glycol Glycerol 


Ureas_ ig 
2.10 Les 2.30 
(175. 1) (174.8) (175.1) 
1,3-di-n-amy]- 2.09 
(174.5) 
1,3-di-n-heptyl- 1.79 
(175. 0) 
1,3-dicyclohex yl- 1.98 2. 67 
(175. 2) (175.9) 
1,3-diisopropyl- 3.04 3.52 3.16 
(175. 2) (175. 6) (175. 2) 
1,3-diisobutyl- 1.45 1.70 1.50 
(175. 2) (175. 0) (175. 2) 
sparingly very sparingly 
soluble fast soluble 


1,3-di-n-propyl- 


sparingly 
soluble 


1,3-di-t-butyl- 


Discussion 


The amounts of disscociation of the seven 
1, 3-di-substituted ureas in these three al- 
cohols increase in the following order, 


benzyl! alcohol<ethylene glycol< glycerol 
However, the rate constants, as measured 


by the amount of amine produced, of dis- 


sociation in these three alcohols are nearly 
equal. As a typical run, the percentage of 
dissociated urea in the thermal dissociation 
of 1,3-diisobutylurea (1 mole) in benzyl al- 
cohol, ethylene glycol and glycerol (100 moles) 
are shown against time listed in Table III. 


TABLE III 
THE PERCENTAGE OF DISSOCIATED 1,3-DI- 
ISOBUTYLUREA (1 mol.) IN ALCOHOLS (100 
mol.) vs. TIME 

Temper- Time (min.) Rate 
ature con- 
(°C) d 60 stant 

Benzyl] 175. ; 39 5 1,45 
alcohol 

Ethylene 175.0 3 53 i7 1.70 
glycol 


Solvent 


‘ ‘ r- 


Glycerol 175.2 < 75 t 1.50 


A similar result was also found in the case 
of 1,3-dibenzylurea in these three alcohols”. 

These facts suggest that the velocities of 
dissociation of urea in alcohols are dependent 
on the concentration of the hydroxylic group 
in the solvent alcohols. And it can be rea- 
sonably explained by assuming an_inter- 
mediate complex formed by the interaction 
between urea and alcoholic hydroxyl groups. 
The mechanism of dissociation of urea in 
alcohols is considered” as follows, 

urea + alcohols <; (urea—alcohols) (3) 





































































































































































































































































































































































































ki 
(urea—alcohols) —— isocyanate 
+ amine + alcohols (4) 
isocyanate + alcohol ——— urethane (5) 





urethane + alcohols —— (urethane 
alcohols) (6) 


The rate constants of dissociation in these 
three alcohols are nearly equal; however, 
except in the case of 1, 3-di-z-propylurea in 
ethylene glycol, the rates of dissociation of 
six 1, 3-di-substituted ureas listed in Table II 
increase in the following order, 

benzy! alcohol< glycerol<ethylene glycol 
The tendency agrees with that of 1, 3-di- 
benzylurea in alcohols described in the previ- 
ous report” and it may be concluded by the 
same consideration that, in the process of 
dissociation of 1,3-disubstituted ureas in 
alcohols, the solvent acts more effectively as 
a base to accept a proton from a urea mole- 
cule rather than it acts as an acid. 

On the other hand, in a strong acid, as in 
fatty acids, the rates of dissociation of ureas 
generally increase as the acidity of the 
solvent acids increases*. Ina strongly acidic 
medium, the process of protonation of urea 
by solvent plays an important role for the 
dissociation. 

As shown in Table IV, the rates of dis- 
sociation of 1, 3-disubstituted ureas in fatty 


TABLE IV 
THE RATE CONSTANTS OF THE THERMAL 
DISSOCIATION OF 1,3-DI-SUBSTITUTED 
UREAS IN FATTY ACIDS 
kx 10? (min.~') (at t°C), 


ss n- n- n- Phenyl 

. Butyric Caproic Capric acetic 
1,3-Diisopropylurea 1.79 2.61 3.08 4.86 
(139.6) (155.0) (155.0) (155.0) 
1,3-Di-n-hexylurea 1.24 3.65 3. 26 2.10 
(139.6) (155.0) (155.0) (154.9) 

1,3-Di-t-butylurea 3.87 3.93 6.8 fast 


(139.4) (155.0) (155.0) (155.0) 


acids® are faster than those in alcohols and 
it can be concluded that, in these two kinds 
of solvents, the acidity of the solvent, namely 
the ability to donate a proton to a urea 
molecule is an important factor for the dis- 
sociation. 

As to the effects of the substituents, the 
rates of dissociation of the seven 1, 3-di- 
substituted ureas studied in this experiment 
increase in the series, 

1, 3-di-z-propylurea, 1, 3-di-z-amylurea, 


1, 3-di-z-heptylurea, 1, 3-diisobutylurea, 


3) T. Mukaiyama and T. Matsunaga, J. Am. Chem. 
Soc., 75, 6209 (1953). 

4) T. Mukaiyama, S. Ozaki and T. Hoshino, This 
Bulletin, 27, 478 (1954). 


Teruaki MUKAIYAMA and Yasuhiro FUJITA 
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1, 3-dicyclohexylurea< 1, 3-diisopropylurea 
<A, 3-di-¢-butylurea 

1,3-Di-¢-butylurea dissociates most readily 
and 1,3-diisopropylurea dissociates more 
easily than the other ureas with n-alkyl or 
cyclohexyl groups. 

Generally, the rates of dissociation of 1, 3- 
di-substituted ureas are not so markedly 
affected by the substituents, but ureas with 
tertiary and secondary alkyl groups in which 
the internal strain is considered to be im- 
portant dissociate more readily. In these two 
ureas, especially in 1,3-di-¢-butylurea, the 
strained structure due to the two bulky sub- 
stiutents are considered. And, when the urea 
is heated in alcohol, by the interaction of the 
solvent alcohol which facilitates the proton 
transfer, it dissociates very readily into less 
strained isocyanate and amine. 

In addition to the electronic effects, namely 
the abilities of the two nitrogen atoms in 
ureas to accept or to donate a proton, men- 
tioned in the previous reports'», the stru- 
ctural effects are also important in determin- 
ing the reactivity of ureas. 

As mentioned above, the dissociation of 
ureas in alcohols are considered to proceed 
via the intermediate complex which is formed 
by one urea and two alcohol molecules. 


RHN—CO—NHR +2R’OH—-R’O--H O 
RN--C_ NR 
H H 


(I) HOR’ 

>R’O-+RNH.+OCNR+R’OH*3 
In the state(I), the one alcohol acts as a 
base to accept a proton and the other acts 
as an acid to donate a proton at the same 
time. By the shift of an electron pair, the 
state (I) dissociates to isocyanate and amine. 
As shown in the above mechanism, the 
dissociation proceeds by the double transfer 
of the proton. Therefore, ureas act to solvent 
molecules as a base and acid at the state (I). 
And the effects of the substituents on the 
rates of the thermal dissociation of 1,3-di- 
substituted ureas having the same substitu- 

ents in 1- and 3-nitrogen atoms are small. 


Summary 


The rate constants of the thermal dissocia- 
tion of 1,3-di-v-propylurea, 1,3-di-7-amylurea, 
1,3-di-m-heptylurea, 1,3-diisopropylurea,  1,3- 
diisobutylurea, 1,3-dicyclohexylurea and 1,3- 
di-t-butylurea in benzyl alcohol, ethylene 
glycol and glycerol were determined. 

The effects of the substituents on the 
thermal dissociation of 1,3-di-substituted 
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ureas was discussed and the effects of the 
solvents on the reaction was also discussed 


in comparison with those in fatty acids. 


The authors express their hearty thanks 


Ultraviolet Spectrophotometric Determination of Iron 57 


to Professor T. Hoshino for his helpful advice 
throughout the course of this experiment. 


Department of Physics and Chemistry, 
Gakushuin University, Tokyo 


Ultraviolet Spectrophotometric Determination of Tron 


By Masayoshi IsuipaAsui1, Tsunenobu SHIGEMATSU, Yuroku YAMAMOTO, 


Masayuki TaBusur and Toyokichi KiIraGAwA 


(Received July 18, 1955) 


In the previous publications,’ an _ ultra- 
violet spectrophotometric determination of 
iron was reported. The method was based 
on measuring optical densities of the absorp- 
tion peak at 300 my, which may be due to 
the formation of ferric sulfate complex, and 
it was necessary to conduct measurement 
under the constant concentration of sulfuric 
acid, because the optical densities were af- 
fected by the concentration of sulfuric acid. 

E. Rabinowitch and W. H. Stockmayer*® 
have studied the absorption curves for the 
ferric perchlorate solutions in the presence 
of different amounts of OH-, Cl- and Br-, 
and could separate the absorption curve of 
free (hydrated) Fe** ions from that of Fe(OH)t* 
ions. It was observed by A. R. Olson and 
T. R. Simonson” and confirmed by T. H. 
Siddall and W. C. Vosburgh” that an isosbes- 
tic point exists for dilute iron (III) perchlorate 
solutions at about 273my. Recently R. M. 
Milburn and W. C. Vosburgh® have measured 
optical densities in this region for 10~‘*, 10 
and 10-°m iron (III) solutions. For each con- 
centration the acidity was varied while the 
ionic strength was held at constant and it 
was observed that the isosbestic point at 
273 mw was apparent for the 10-‘m solutions, 
but not for the 10-°m solutions. They took 
this as confirmatory evidence for the presence 


of polynuclear species in the 10~-?m solutions. 


1 R. Bastian, R. Weberling and F. Palilla, Anal. 
Chem., 25, 284 (1953). 

2 M. Ishibashi, T. Shigematsu, Y. Yamamoto, M. 
Tabushi and T. Kitagawa, J. Chem. Soc. Jap. (Pure 
Chem. Sec.) 76, 758 (1955). 

3) E. Rabinowitch and W.H. Stockmayer, J. Am. 
Chem. Soc., 64, 335 (1942). 

4 A.R. Olson and T. Simonson, J. Chem. Phys. 17, 
1322 1949). 

T.H. Siddall and W.C. Vosburgh, J. Am. Chem. 
Soc. 73, 4270 (1951). 

6 R.M. Milburn and W.C. Vosburgh, J. Am. Chem. 

Soc., 77, 1352 (1955). 


We have studied the absorption curves for 
the ferric perchlorate solutions (10 p. p.m.) at 
various acidities and confirmed that two 
isosbestic points exist at 271 my and 223 mp, 
and then established a method for spectro- 
photometric determination of iron in which 
the absorbancies at this isobestic point have 
been measured. The proposed method is very 
convenient and useful, since no reagents are 
needed except the dilute perchloric acid to 


. dissolve the sample, and almost no attention 


needs to be given to test the acidity and tem- 
perature in the solutions. Applying the pro- 
posed method, the purity of iron alloy has 
been determined by means of differential 
absorptiometry. 


Apparatus 


Spectrophotometric measurements were made 
with a Beckman Quartz Spectrophotometer, Mode! 
DU, with lcm. silica transmission cells. 

A Beckman glass electrode pH meter, Model 
H-2, was used for all pH measurements. 


Materials 


The stock solutions of iron (III) were prepared 
as follows. 

Ferric perchlorate was formed by dissolving 
proper amounts of electrolytic iron in perchloric 
acid (about 4N), oxidizing by hydrogen peroxide 
(30%) and evaporating the solution until the cry- 
stals appear. After perchloric acid was added to 
dissolve the deposit, the solution was evaporated 
again. The procedure was repeated until the 
solution gave negative test for chloride and iron 
(II) ions. The violet crystals separated on cooling 
were filtered with a sintered glass filter and re- 
crystallized twice from distilled water. A_ stock 
solution of iron was prepared by dissolving the 
crystal of ferric perchlorate in water to the con- 
centration of 100p.p.m. All of the solutions for 
absorbance measurements were prepared by dilut- 
ing the required quantity of the stock solution. 








Experimental 


The Isosbestic Point.—Fig. | 
sorption curves of the solutions for iron (III) of 


10 p.p.m. at various acidities. 


shows the ab- 
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Fig. 1. Absorption curves of ferric per- 
chlorate in aquaous solution at various 
acidity 


Since the acidity could be adjusted by adding 


a few drops of perchloric acid to a larger volume 
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solution. It is found that, with increasing acidity in 
the solution, the absorption in the region 230 mr 
increased, while that of 300myz decreased, 
there existed two isosbestic points at 223 my and 
271 mz. 

Further measurements were conducted for the 
iron solutions (10 p. p.m.) varying concentration of 
perchloric acid from 1N to 9.5N, and it was found 
that the band at 238 mz (curve 9 in Fig. 1) did 
not suffer any change either in the absorbance 
or in the position of the peak. As other workers 
reported, the absorption band with peak at 238 mz 
can be considered as belonging exclusively to 

te ions, and the peak at 295 my must be due 
to Fe(OH)*tt. It will be very useful to 
this isosbestic point at 271 my for the determina- 
tion of ironitIII), since the absorbance is not 
affected by acidity in solutions. Although the 
other isosbestic point at 223 my is not affected by 
the acidity either too, it is not adequate for the 
iron determination, since the interferences of 
diverse ions and perchloric acid are great in the 
region of such shorter wave lengths. 

Since the isosbestic position might shift by the 
great variation in the concentration of iron, in- 
vestigation was made concerning the effects of 
the content of iron(III) to absorption curve in 
this region. Differential absorptiometry was ap- 
plied and the solutions containing 10~50 p. p.m. 
of iron were used as references. 

As shown in Table I, it is found that a variation 
in iron content from 10 to 40p.p.m. gave no 
change in the position of the isosbestic point at 
271 mp, but in the concentrations higher than 50 
p.p.m., the isosbestic point was observed to have 
a tendency shifting to the shorter wave length. 


and 


a 3° 
Fe 
utilize 


f the solution, the constancy was held for both Tem perature.—The effects of the temperature 
the concentration and the ionic strength in each for absorbancies were investigated. The solutions 
a 
TABLE I 


EFFECT OF CONCENTRATION OF IRON TO ISOSBESTIC POSITION 


Concentration of Width Absorbancies at 
ferric solution pH Reference of slit 
(p. p.m.) (mm.) 267 268 #269 270 271 272) «273 mr 
10 2.81 water 0.3 0.296 .289 .283 .275 .269 .264 
2.61 ” y .309 .296 .286 .275 .266 .256 
” 2.40 ” ” .319 .302 .289 .275 .265 .251 
20 2.80 Fe (10 p. p.m.) ” - 334 .311 .293 .274 .256 .230 
” 2.60 ” ” - 361 .329 .308 .275 .253 .229 
” 2.41 ” ” 77 .3h 1. TS 2 LO 
30 2.80 Fe (20 p. p.m.) 0.4 .353 .325 .298 .275 .248 .226 
” 2.60 ” Y — .384 .345 .308 .275 .230 .20 
” 2.40 ” ” 412 .365 .321 .276 .233 .193 
10 2.82 Fe (30 p. p.m.) 0.6 0.385 .358 .328 .208 .272 .247 
7 2.62 y y 440 .308 .353 .310 .271 .229 = 
” 2. 40 Y ” 406 .442 .381 .322 .271 «1.26 0CU— 
20 2.83 Fe (40 p. p.m.) 0.8 410 .372 .333 .296 .265 .230 
G 2.54 ” ” .469 .413 .355 .296 .248 .196 
” 2.29 ” y 523 .449 .370 .296 .231 .164 — 
60 2.89 Fe (50 p. p. m.) 3 ,385 .357 .328 .297 .270 .244 
y 2.61 Y ” 464 .412 .353 .2906 .242 .192 


Y 2.29 ” 


.590 .470 .385 .298 .220 .148 — 
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- measurements were of 10 p. p. m. concentration 
nd pH value was 2.5. Tabe II shows that the 


TABLE II 
EFFECTS OF TEMPERATURE 


Ferric solution Temp. H iAbsorbance at 
(p. p.m.) Cc P 271 mp 
10 32 2.5 274 
y 28 ” 275 
” 22 Y 274; 
” 17 Y 2745 
” 15 Y 274; 
4 10 ” 274; 


absorbance at 271 my is constant at the temper- 
atures in the range from 10° to 30°C. Furthermore 
it was observed that with rising temperature the 
absorbance in the region longer than 271 my in- 
creased, while that of shorter wave lengths de- 
creases. This must be due to the expedited hy- 
drolysis of iron at higher temperature. 
Acidity.—From the above experiments, it is 
shown that the control of acidity in the solutions 
is almost needless, except when the acidity is so 
low as to precipitate the hydroxide. It is observed 
that the absorbance at 270 my increases remark- 
ably in the solutions with pH value over 3.5; 
this may be due to the formation of the colloidal 
ferric hydroxide. There is no lower limit for 
the allowable pH value in the solution, but it 
is desirable to adjust the acidity in the range of 
pH 2.5-3.5 fo more accurate measurement. 
Calibration Curve.—The preparation of the 
standard iron solution was as follows. A 1.002 g. 
of electrolytic iron (purity 99.8%) was dissolved in 
!N perchloric acid. The same procedures of evapo- 
rations as the stock solution were conducted until 
chloride and iron(II) became absent. The result- 
ing solution was diluted to 11 in a volumetric 
fiask with distilled water. First, for the ordinary 
absorptiometry, the calibration curve was made 
by measuring the absorbance of the ferric solu- 


270 B 
60 my B 










= 
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Absorbance 


0 5 10 15 20 A 
50 55 60 60 7) B 
Conc. of Fe** p. p.m. 
Fig. 2. Calibration curve for iron (III) 
in aquaous solution. 
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tion in such a concentration as 5, 10, 15 and 20 


p.p.m. at 271 my, with pure water as reference. 
Results are shown in Fig. 2 and Beer’s law is 
followed in the range of 0.2-20p.p.m. of iron. 
But as the sensitivity in this methods is fairly 
low as compared with the other spectrophoto- 
metric methods for the determination of iron, 
it is more useful to use in the differential ab- 
sorptiometry for the determination of higher 
contents of iron. For this purpose, the solution 
with 50 p. p. m. iron was used as reference, and the 
calibration curve was made in such concentrations 
as 55, 60, 65 and 70p.p.m. at 270myz. Results 
are also shown in Fig. 2. and Beer’s law is followed 
in the range from 50 to 70p.p.m. As the refe- 
rence, concentration higher than 50 p. p. m. of iron 
can not be used, because it reduces the sensitivity 
of the spectrophotometer. 

Effects of Diverse Ions.—A study was made 
on the effects of several cations and anions. The 
cations were present in solution as perchlorates 
and anions as sodium salts. Absorbance measure- 
ments were made for the solutions contaiving 
proper amounts of foreign salt with 10p.p.m. of 
iron. The results are presented in Table III. Itis 


TABLE III 
ASBORBANCIES OF DIVERSE CATION WITH 


10 p.p.m. Fe** 


_ Concentration Absorbance at 
(p. p.m.) 270 mp 

Fet++ 10 0.275 

Nit+* + 1000 0. 276 

Co**+ Y 0. 280 

Zu** Y 0.277 

Mntt U7 0.275 

Af** U7 0. 277 


found that the presence of such cations as Nat, 
Nit+, Cott, Znt+, Mn** and Al** does not interfer 
at the concentration of 100p.p.m. In the previ- 
ous publication,» it was reported that the cupric 
and titanic sulfates in aqueous solution have 
intense absorption bands in far ultraviolet regions, 
and considerable absorptions were also obserbed 
at 270 mu. in the perchloric acid. Thus the pre- 
sence of cupric and titanic ions interferes the 
determination of iron (III); the limit concentra- 
tion of them is about 10p.p.m. The presence of 
anions such as Cl-~, NO;-, SO,-~ and PO, ~~ in- 
terferes remarkably, but chloride and _ nitrate 
ions can be easily eliminated by evaporation. 


Determination of Iron in Iron Base Alloy 


In order to test the reliability of the proposed 
method, some iron base alloys were selected as 
samples. The determination of iron was done by 
means of differential absorptiometry. 

Procedure.—A 200-150 mg. of sample (weighed 
correctly) was dissolved in 4N perchloric acid by 
warming on the sand bath. After cooling several 
drops of HzOz (30%) were added and then eva- 
porated almost to dryness. The evaporation was 
repeated several times and the residue was dis- 
solved in distilled water, then the solution was tra- 
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nsferred to a 500ml. volumetric flask and diluted 
to the volume with distilled water. After being 
mixed thoroughly, an aliquot of 20 ml. was pipetted 
into a 100 ml. volumetric flask and then diluted 
to the volume with distilled water. 


TABLE IV 
ANALYSIS OF IRON SAMPLES 


Fe 
Sample Present Found 
% mg. mg. N 

Haematite 61.32 1,911 1.922 61.46 
(J.E.S. No. 23) 1.915 61.38 
1.915 61.38 
1.908 61.28 
av. 4.915 61.38 
Iron 92.22 5.5356 5.550 92.13 
(J.E.S. No. 7) 5.959 92.28 
5.500 92. 21 


S000 82.13 
av. 5.554 92.20 

Iron 92. 46 5. 048 5. 557 92. 62 
(J.E.S. No. 12) 3.547 92.44 
{low phosphor) 3.943 92.83 
5.947 92.44 


av. 5.548 92.46 
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The absorbance of the above solution was 
measured at 270myz, using an iron solution (50 
p.p.m.) as the reference. The results are pre- 
sented in Table IV. the errors in this method 
being 0.2-0.3%. 


Summary 


Absorption has been investigated for the 
solution of ferric perchlorate at various 
acidities in ultraviolet region and the existence 
confirmed of two isosbestic points at 223 mu 
and 271my. A method of spectrophotometric 
determination for iron has been proposed 
which involves the measurement of absor- 
bance at the isosbestic point. Effects of tem- 
perature, acidity and diverse ions have been 
examined and the purity of iron base alloys 
has been determined by differential method. 


The authors are grateful to Dr. R. Tsuchida 


for his sueful advice in the interpretation of 
the absorption spectra. 


Department of Chemistry, Faculty of 
Science, Kyoto University, Kyoto 


Structural 


Viscosity of Poly-Vinyl Alcohol Solution* 


By Masayuki NAKAGAKI and Ayako SHIMAZAKI 


(Received August 5, 1955) 


As a starching material for clothes, poly- 
vinyl alcohol has recently been used. The 
colloid chemical studies interest as from both 
scientific and practical stand-points. As for 
the solution of high polymers, it has been 
already known that the structural viscosity 
is observed even for fairly dilute solutions. 
It has also been known that the poly-vinyl 
alcohol solution has structural viscosity, at 
least for concentrated solutions. If an ano- 
malous viscosity named as structural visco- 
sity is the result of the viscoelastic pro- 
perities of the solution, then, it is desirable 
to separate the observed apparent viscosity 
into two parts, viscosity part and elasticity 
part, and to consider, e.g., intrinsic viscoSity 
about the pure viscosity part. 


* Presented before the Discussion of Rheology held by 


the Chemical Society of Japan on June 2, 1955 at Tokyo. 


Experimental 


As samples of poly-vinyl alcohol, six 
specimens provided by Nippon Gosei Kagaku 
Kogyo K.K. are used; that is, Gohsenol GH-—20, 
GM-14, GL-05, NH-20, NM-14 and NL-05. In 
them, G means that the saponification value is 
90+2%, and N means that the saponification value 
is 99-100%. They are white powder. The purity 
was 98% or better. The mean polymerization 
degree was determined by viscosity method using 
Sakurada’s equation. About 0.8 g. of the specimen 
was warmed with 100cc. of distilled water and 
dissolved in it and set alone for eight hours. 10cc. 
of supernatant solution was put into the Ostwald’s 
viscometer, and viscosity was measured at 20°C. 
On the other hand, 20cc. was heated until dry, 
and the concentration C (g./l.) was measured. 
Using Sakurada’s equation” : 


pure 


1) Sakurada, J. Chem. Soc. Japan (Engineering Sec.), 
47, 135 (1944). 
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[7]=2.303 log yr/C 


f P ‘[7] x 104 ) 

log op 1.613 log( 8.87 (1) 
the average polymerization degree p was obtained. 
The average polymerization degree was 2,000 for 
H-20, 1,400 for M-14 and 500 for L-95. 

Gohsenols were dried for one hour in an 
electrical drying oven at 110°C and cooled and 
kept in deisccator. It is said that four hours’ 
warming at 40-50°C is necessary, in order to 
dissolve them completely in water. In this paper, 
however, the following method of dissolution was 
adopted, considering the practical method of 
dissolution of starching materials. A specimen 
weighed accurately was kneaded with a small 
amount of distilled water, hot water of 90°C was 
added under constant stirring, and the volume 
was made up toa nearly necessary amount. This 
was warmed on a water bath at 90°C for five 
minutes with continuous stirring. Then the 
volume of the solution was accurately made up, 
after it was kept at room temperature to cool. 
The concentration range measured was 0.2-5.0%. 

The structural viscosity was measured with an 
Ostwald type over-flow viscometer, which was 
used before by one of authors. It wasa vertical 
type viscometer having a capillary of 21.2cm. in 
length and 0.67mm. in inner diameter. The 
amount of flow, Q (cc./sec.), was measured for 
each hydrostatic pressure difference, P (cm. H20O). 
For liquids without structural viscosity, Poiseille’s 
law has been verified for this viscometer. As 
stated in the previous paper, the viscosity coeffi- 
cient is calculated by the equation, 

7 =2.57 x103~x P/Q (g./cm./sec.) (2) 
The range of the pressure difference measured 
was 4-23cm. H,O. 

As shown in the previous paper, the viscosity 
coefficient obtained from Eq. (2) shows a linear 
relation to the reciprocal of the rate of flow, 
(1/Q), for some solutions having structural visco- 
sity, such as V2O;-sol and Hg-sulfosalicylate-sal. 
For the apparatus used, the linear relation is 
expressed : 

”=7N + 2.57 x 10-5 x Po/Q (3) 
where 7yx(g./cm./sec.) and Po (cm.H2O) are con- 
stants. Po is thought to be a pressure to destroy 
the net-work structure in the solution, and cor- 
responds to a yield value. yy corresponds to a 
Newtonian viscosity of distroyed structure. yw 
depends pronouncedly on the history of the solu- 
tion, while yy does not depend on the history. 


Results and Discussion 


The same structural viscosity as cited 
above was observed also for poly-vinyl 
alcohol solution. Fig. 1 is an example of 
data for 2% solution of NH-20, where the 
variation of apparent viscosity by the history 
of solution is shown. For example, a solution 
used to measure its viscosity has been kept 








2) M. Nakagaki and S. Sakata, Buil. Chem. Soc. Japan, 
27, 548 (1954). 
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for some days, and again the viscosity is 
measured. Then a different value is obtained. 
In the case shown in Fig. 1, it seems that 
the viscosity gradually increased, but in 
other cases, the viscosity decreased. Curve 
3 was obtained after stirring the sample of 
curve 2 for thirty minutes at room tempe- 
rature. The distinct increase of viscosity by 
stirring was observed. 








y 
~ 
St 
————— 
Ee ee en ee ee , 
0 10 20 3n 
P (cm. H2O) 
Fig. 1. The stractural viscosity of 2% 


Gohsenol NH-20. after the preparation 
of solution: (1) 1 hr (2) 72 hrs: (3) 72 hrs 
(stirred 30 min.): (4) 96 hrs. 


These data are recalculated and plotted 


‘in Fig. 2 as a relation between (”/w») and 


and (1/Q). The linear relation of Eq. (3) is 
certified. Moreover, Fig. 2 shows that the 
variation of apparent viscosity with the 
history of the specimen is due to the varia- 
tion of the apparent yield value, P,, while 
the Newtonian viscosity, 7v, does not change. 
The apparent yield value of the specimen of 
curve 2 was 0.59cm. H.O, which increased to 
1.65cm.H,0O by stirring for thirty minutes 
as shown in curve 3. This suggests the 
growth of net-work structure. Anyway, the 
treatment (e.g. stirring) is more effective 
than the duration of time. 

Ee 

~ 

ae 
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300 000 


1Q 
Fig. 2. (y/w)—(1/Q) relation recalculated 
from Fig. 1. 
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For each Gohsenol specimen, structural 
viscosity is measured at various concentra- 











































































































































































































































































62 


tions. Every data showed the linear relation 
of Eq. (3). Values of two constants of Eq. 
(3), Newtonian relative viscosity (%y/1) and 
apparent yield value Py», are shown in Figs. 
3 and 4. (nw/nw) increases monotonously 
with the increase of concentration, while Py 
shows no definite trend for concentration. 
This is reasonable, since Py is a sensitively 
dependent quantity on the history of a 
specimen. 

On the viscosity of poly-vinyl alcohol solu- 
tion, E. Tsuruta and M. Takeda*® found the 
following relation: 


) 
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Fig. (gx/nw) and Py for Gohsenol N. 
~ 3r 
= | ; 
¢ + GH 
=> | , 
° i GM 
- 6L Qe 

') ht —— 

" 
e J 
= 30 GH 
> 

| / OM 

| if 

x 

W 

| ai, GL 

— 

o =“ 2 3 1 5 

C(\%) 
Fig. 4. (yx/7w) and Po for Gohsenol G. 
nsp/C =[n] +R In PC (4) 


for the concentration range of 0.1-1%. The 
Present experiment, shown in Figs. 3 and 4, 
covers wider concentration range, and does 


3) E. Tsuruta and M. Takeda, /. Chem. Soc. Japan 
Pure Chem Sec.), 74, 191 (1953>. 
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not satisfy Eq. (4). While, the value of [7 | 
calculated by the following equation: 


fy J= In (px-/w)/C 5) 


is constant in the range of 0.2-5.5%. The 
constancy of Eq. (5) has been already stated 
by Sakurada” and others”. The mean value 
of [1 obtained is shown in Table I. 

In Sakurada’s Eq. 
is give: in g./L., 
and 


1), the concentration C 
so it is recalculated to %, 


[270] =8.87 x 10-* « p®** (6 
is obtained. As shown in Table I, the value 
of [7] from this equation are greater than 


TABLE I 
Specimen 
Temp (C) [yx] 

Marks 9 
NH = 2000 14.0+0.9 0.828 + 0.010 
NM _ 1400 14.141.7 0.627 + 0.013 
NL 500 18.4+1.1 0.454+ 0.009 
GH 2000 12.64:2.1 0.857 + 0.024 
GM_ 1400 14.44+2.5 0.717 +0.017 
GL 500 15.8+1.3 0.456+ 0.014 

[yo] y After 4 hr’. warming 

Eq. (6) (%) [yx] y (%) 
NH 0.985 15.9 0.838 14.9 
NM 0.800 21.7 0.783 2. 
NL 0.426 ~0 a 
GH 0.985 13.0 — oe 
GM 0.800 10.4 _ — 
GL 0.426 ~0 : iat 


the values of [7,-| cited above. It is generally 
accepted that the intrinsic viscosity is pro- 
portional to the volume occupied by the 
solute in the solution. For example, the 
molecular extension is greater and intrinsic 
viscosity is greater in a good solvent than 
in a poor solvent”. It is assumed that 
Sakurada’s intrinsic viscosity [7] of Eq. (6 
corresponds to a completely dissolved state. 
Then, the smaller value of [yx] than [»] 
means the incomplete dissolution or incom- 
plete molecular extension; e.g. some parts of 
high polymer may not be dispersed to mole- 
cular dissolution but they may suspend as 
crystallites. In the present experiment, solu- 
tion is heated only fifteen minutes at 90’C, 
while it is generally said that four hours 
warming at 40-50°C is necessary to obtain 
a complete dissolution®». Then it is assumed 
that y (%) 


; ) — Fal \ 
y=( [9o]—law] ) x 100 (%) (7 
\ [779] . 


4 For example, K. Hirabayashi, ‘‘ Poval’’ (1952), p. 
54. 

5) K. Yoshioka, ‘‘ Review of Recent Colloid Science ”’ 
(1950) Vol. 2, p* 36. 
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corresponds to the fraction of incomplete 
dissolution. These values are also shown in 
Table I. It is shown that the low molecular 
weight specimens, NL and GL are nearly 
completely dissolved, but the other high 
molecular specimens are incompletely dis- 
solved, as far as 10-20%. According to E. 
Tsuruta and M. Takeda*®, the intrinsic vis- 
cosity decreases with the increase of tem- 
perature. Considering this fact, the value 
of y should be somewhat greter than that 
cited in Table I, since Eq. (6) is derived by 
Sakurada at 20°C. 

To discuss the effects of acetyl group, 
completely saponified specimens, N-series, and 
90% saponified specimens, G-series, are com- 
pared. The hydration of acetyl group is 
weaker than the hydroxyl group, so the 
acetyl group left in G-series will decrease 
the extension of molecules, just as in a poor 
solvent. This expectation is not realized, 
since the incomplete dissolution degree, y 
(%), of G-series is smaller than that of N- 
series. To explain this, it is assumed that 
the existence of 10% of acetyl groups hardly 
change the solvation of the polymer molecule 
as a whole, while they decrease the mutual 
interaction of hydroxyl groups in a crystallite 
to increase che solubility and molecular ex- 
tension. This assumption is also adequate 
to explain the difference of apparent yield 
values of G- and N-series. Though the 
apparent yield values are highly dependent 
on the history of the solutions, the value of 
P, for 90% saponified specimens (GH, GM, 
GL) are about 1 cm. H.O, while for completely 
saponified specimens (NH, NM, NL) it is 
rather greater than that of G-series. This 
is also explained by the idea that the for- 
mation of intermoleular bonding of hydroxyl 
groups are easier and the net-work structure 
is stronger when the saponification is more 
complete and molecular weight is higher. 

If the value of [nw] is smaller than [7] by 
the season cited above, then the value of 
[yx] should increase by more complete dis- 
solution. To certify it, the following pro- 
cedure are tried. The solutions, made after 
the method cited before, are put into a flask 
with a rubber stopper and warmed at 45°C 
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for four hours. The results obtained for 
these solutions are also cited in Table I. It 
is shown that the value of [7] has increased 
by four hours warming. The fration of in- 
ccmplete dissolution, y, was about 2% for 
NM, therefore, it has been nearly completely 
dissolved. However, the dissolution of the 
higher molecular weight specimen, NH, was 
not yet complete and y was about 15%. 


Summary 


The structural viscosity is measured for 
the aqueous solutions of poly-vinyl alcohol. 
The relative viscosity, (7/w), shows linear 
relationship to the reciprocal of the rate of 
flow, Q: 


] =n +2.57 x10>x P/Q 


where 79x and Py, are constants. Pp» corres- 
ponds to the pressure to destroy a net-work 
structure in the solution, or an apparent 
yield value, and »yw corresponds to the vis- 
cosity coefficient of the destroyed structure, 
which is assumed to flow as Newtonian. 

As for the Newtonian viscosity »w of poly- 
vinyl alcohol solutions, [7x] defined by 

[nw] =In( nw/Nw)/C 

is independent on concentration, as far as 
measured. Comparing the intrinsic visco- 
sities of specimens of the same polymeri- 
zation, degree, the completely saponified 
specimen shows smaller value than partly 
saponified one. This may be explained by 
the decrease of molecular extension due to 
the strong intramolecular interaction of OH 
groups. The apparent yield values Po is 
0.5~3.5cm. H.O and is highly dependent on 
the history of the solution. The completely 
saponified specimen shows greater Po value. 
It will also be explained by the strong 
intermolecular interaction of OH groups to 
form net-work structure. 


The author appreciates to Nippon Gosei 
Kagaku Kogyo KK. who has kindly provided 
specimens. 


Faculty of Living Science, 
Osaka City University, 
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The pressure-area curves of condensed 
monomolecular films are, in general classified 
in two types shown in Fig. 1. The one is 
curve a, which stands up with a steep slope 
at the area A;, e.g. condensed film of 
saturated fatty acid on distilled water. The 
other is curve b, where the pressure bigins 
to increase gradually at the area A:, and 
coincides with curve at G, e.g. the condensed 
film of saturated fatty acid on dilute HCl 
solution (N/10~N/100). 





0 Ai Ao A 


Fig. 1. Schematic diagram of ,pressure- 
area curve of condensed films. 


For saturated hydrocarbon chain, the value 
of A, is 20.5 A?, which depends upon neither 
length of the chain nor the sort of end group. 
On the other hand, the value of A, depends 
upon the sort of end group. According to 
these empirical facts, Adam" proposed the 
idea of head contact and chain contact. The 
state of A, is considered to be a closs-packed 
chain, and 20.5 A? is assumed to be the cross 
sectional area of the hydrocarbon chain. 
While, the state of A, is thought to be a 
close-packed head, and the value of Az is 
equal to the cross sectional area of end 
group. When the film with close-packed 
head is further compressed, some of the end 
groups are dipped into water, and the film 
at last reaches the state of close-packed 
chain at G. 


Statistical Mechanical Treatment 
The idea of head contact and chain contact 


1) N.K. Adam, ‘‘ Physics and Chemistry of Surfaces”’, 
Oxford (1938), p. 50. 
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I. Statistical 
Mechanical Studies on Head Contact and Chain Contact 





is formulated using a model as _ follows. 
When a film with close-packed head (Az) is 
compressed gradually, some of the end groups 
are dipped into water. Let the fraction of 
of dipped end group be x, and the energy 
required to dip one end group be w. It is 
assumed that the cross sectional area of 
hydrocarbon chain chain is An and that of 
the end group is Ap; then the average area 
occupied by one molecule, Ab, is 


ee ee 
B=Ap—An 


Therefore, the free area per one molecule, 
Ag, is 


(1) 
where 


A;=A—Ap=A—Ap+xB (2) 

where A is the total area per one molecule. 

Considering that the state of molecules in 

condensed film is analogous to that in a 

two-dimensional liquid, partition function Z 

may be formulated. The Gibbs free energy, 
G, is then calculated by 


G=—-kTinZ (3) 


since the Gibbs free energy is approximately 
equal to the Helmholtz free energy for 
condensed systems. As the result, 
G/nkT = —1n (22mkT/h?)+(/kT)+(xw/kT) 
—In Ay+{x In x+(1—-x) In (1—x)} (4) 
is obtained, where mw is the number of mole- 
cules in the film, ¢ is the potential energy 
of a molecule on the surface referring the 
energy of molecules in gaseous film (zero), 
so that @ is the negative of the energy of 
condensation in monomolecular film, (¢ ~ 0), 
and w is the energy required to dip one end 
group into water as shown in Fig. 2 (w>0). 





Fig. 2. Schematic explanation of energy w. 


The last two terms of Eq. (4) correspond to 
the mixing entropy of molecules, whose polar 
groups are on and under the surface. The 
fraction of molecules dipped into water, x, 
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is determined by the condition of minimum 
free energy: 
(0G/Ox)a,r=0 (5) 
Then, 
x/(1—x)={exp.(—w/kT)} 
\ 
x{exe( aa eB } 


is obtained. From this equation, it is clear 
that x becomes greater when the energy 
required to dip molecule, w, is small, or 
temperature is higher or the film is com- 
pressed and A becomes smaller. 

The surface pressure is obtained by 


(6) 


PF = —(9G/i 1S) r.n= —(1/n) IG/DA) ron (7) 
where S is the area of film, that is 
S=nA (8) 


Using Eqs. (4), (6) and (7) and assuming that 
w is independent to A, 


F/kT = —(1/kT)(56/9A)+(1/As) (9) 


is obtained. As for right side of Eq. (9), the 
first term shows the pressure to contract the 
film by the cohesional force and the second 
term shows the thermal pressures is equal 
to the surface pressure observed. The cohe- 
sional pressure and the thermal pressure are 
both very great compared to their difference, 
so it will be perhaps very difficult to calcu- 
late the absolute value of the surface pres- 
sure theoretically. The assumption will be, 
however, reasonable that the potential energy 
@ is a function of intermolecular distance 
only, and the value of (o@/9A) is a function 
of A only. Then, it is possible to calculate 
the difference of the surface pressure of two 
states of the same value of A. 

Imagine a state where molecules are always 
in chain contact. The surface pressure of 
this imaginary state is assumed as F,, and 
the real surface pressure of a film of the 
same value of A is described as F. Then 
the difference of them is, 


OF oe Oy et ___! (10) 
kT kT kT At A-—Au 


since the free area of the imaginary state 


is (A—An). Then, using (2) and (6), 
B v —s w p x a 
vp aF’=(l x)( we +in, * 
henae st x \i 
ie (1 x) kT tin) 
A-Ar =( J \-x (11) 
B = +In x / 
kT 1-x 
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are obtained. Using these equations, the 
relation between (JF’B/kT) and (A—Ap)/B 
is calculated for a given set of x and (w/kT). 

It should be stressed here that the state 
assumed above as a standard state, that is 
the state of all chain contacts, is different 
from the state of w=0. The words close- 
packed chain, named by Adam for curve : 
in Fig. 1, may suggest that the molecules in 
the film are always in chain contact, but 
such a state can never be realized. The 
most compact state realizable is a state of 
w=0. In the case of w=0, x approaches } 
when the film is sufficiently widened, that is 
A;—>~, (see Eq. (6)). This owes to the term 
of mixing entropy of dipped and not dippec 
molecules in Eq. (4). By a sufficient com- 
pression of the film, x approaches unity when 
A is nearly equal to Au. Anyway, the state 
of w=0 is the most compact state realizable, 
so it should correspond to the curve a in 
Fig. 1, and the value of 4F’ in Eqs. (10) and 
(11) for w=0 is shown as 4F,y’. While the 
curve b in Fig. 1 corresponds to a state 
where w is not equal to zero. The difference 


AF =4F'—4F,’ (12) 
may be calculated numerically from Eq. (11) 
as a function of A, for a given values of w, 
‘B and Ap. On the other hand, observed 
surface pressure of curve a and b in Fig. 1 
are expressed as Fy and F, respectively. 
Then, 4F is obtained experimentary by 
4F=F-F, (13) 
and compared with the theoretical value oz 
Eq. (12). 


Comparison with Experiment 


To facilitate the comparison, 4F~—A relation 
is recalculated and plotted as »—& relation, 
where 


7S = ‘ 
ay B as 
re Ap—An \ Pina B ~ (15 


Then, from the theoretical stand point, »—& 
relation is determined by a parameter (w/kT), 
since x may be eliminated, in principle, from 
two equations in Eq. (11) (see Fig. 3). While, 
using the experimental value of 4F and A, 
values of & and 7 varies with the values oi 
B and Ap as shown in Egs. (14) and (15). 
Assume that 


Aun=20.6 (A?) (16) 
then, 
Ap=An+B=20.6+B (17) 
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Therefore, an experimental 4F-A relation is 
recalculated to a »—€ relation for a given 
value of a parameter B. The data of Adam” 
for saturated fatty acid, is shown in Fig. 3 
for some values of B. From the figure, it 
is seen that (w/kT) is nearly equal to 0.2, 
and B is nearly equal to 2. 


— theor., --- exper. 


3 Selations. 


Fig. 3. y- 
To obtain more accurate values of B and 
w/kT, the variation of » for a given value 
of & is studied. For a given value of &, and 
for a certain value of B, an experimental 
value of » is determined, and to obtain the 
same value of » theoretically, a value of 
w/kT is determined. Therefore, for a given 
value of &, a (w/kT)-B relation is obtained 
as shown in Fig. 4. For one value of &, one 
curve is obtained, and they cross nearly at 
one point P. Values of w/kT and B, corres- 
ponding to the point P, are the most con- 
venient values, that is 


w/kT=0.17; (18) 


B 
Fig. 4. (w/kT)-B relation for saturated 
fatty acid. 


2) N.K. Adam, Proc. Roy. Soc., A101, 452 (1922). 
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Using these values and experimental value 
of Fo, the value of F is calculated. The 


results in Fig. 5 showes a good agreement 
with experimental value of Adam. 

The method of calculation described above 
is very complicated, though the results are 
The more simplified method is 


satisfactory. 


F(dyn./cm.) 


—F)(on dist. water) 


_-PF on dil. HCl 





obsd., calcd. 


Fig. 5. Observed and calculated values for 
saturated fatty acids. 


0 A 


Fig. 6. Simplified F-A diagram. 


desirable. The experimental relation in Fig 
1 a is simplified as Fig. 6. The low pressure 
tail (hatched portion) is neglected, and the 
curve Fy» is assumed to be zero for A> An, 
and it is assumed that the curve stands up 
vertically at A=An. In Fig. 1 b the curve 
F is linear from A, to G, where the tail at 
lower pressure part (hatched in Fig. 6) is 
also neglected. The difference of An and 
Az is written as As, and the pressure at G 
as Fs. Then, at €=0, or at A=Ap=An+B 
4F =(As—B)Fs/As } (19) 
—(d4F/dA)=Fs/As 


are obtained. On the other hand, the the- 
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oretical treatment is simplified as follows. 
From the theoretical curve in Fig. 3, the 
value of » and (d»/d&) at &=0 are determined 
at a function of w/kT. Then it is seen that 
they are linear to w/kT, at least within the 
range of w/kT=0~0.6. This linear relation 
is, using Eqs. (14) and (15), at dA=Aun+B, 


B . on 
P=) F : 
rls 
(20) 
B? d4iF w 
_ =0.190 
kT dA aie kT 
Using Eqs. (19) and (20) 
B= Ap— An=0.432 As (21) 
w/kT =0.982 AsF</kT (22) 
are obtained. Using these equations, the 
values of B and w/kT are calculated. As 


for the saturated fatty acid shown in Fig. 
5, Fs=17.5 dyn./cm. An=20.6 A?, A.=24.7 Ag, 
and therefore As=4.1 A”. Then, at aC, 

B = 1.77 a 

w/kT =0.17, ) 
are obtained from Eqs. (21) and (22). These 
are in good agreement with Ea. (18), obtained 
by a strict method. 

To study more cases, data summarized by 
N.K. Adam* are used. Those and the results 
calculated from them using Eqs. (21) and (22) 
are cited in Table I, where it is assumed 
that An=20.5A®. The value of Fs marked 
in Table I by * are obtained by an extrapo- 
lation, assuming that the F-A curve extends 
linearly to A=20.5 A. The values of w 
obtained by this method are, in general. very 
small; that is, less than 0.5kcal./mol. For 
a few molecules, w is greater than 1 kcal./mol. 


(23) 
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The value of w corresponds to the energy 
required to dip an end group into water. It 
, however, not the energy of solution of 
the whole molecule, but it is, as shown in 
Fig. 2, the energy to make the distribution 
of end group disorder. It is the energy re- 
quired to dip hydrocarbon chain by the length 
of end group, (Z in Fig. 2), if the hydration 
of the end group does not change before and 
after the dipping. Therefore, molecules of 
longer end group should have greater w 
values. Then it is acceptable that the se- 
quence of w values in Table I is: 
OH<COOH<NH-CO-CH;<CH: CH-COOH< 
-<_-OH, ete. ~ COOCH.CHOHCH,OH 


\ 


is 


: choresterol 
Compared with this, w of nitril seems too 
large. Interaction between end groups should 
be, perhaps, taken into consideration. As 
for the value of the cross sectional area of 
the end group, Ap, Anam considered that A» 
is the cross section of end group, but by Eq. 
(21), Ap is somewhat smaller than Abo, and 
the difference to An is not so great as that 
by Adrm. This is rather in agreement with 
molecular models. Therefore, the state at 
A. is not the close-packed head, but it is a 


state of looser packing. 


Mixed Monolayers 


Harkins and Florence” measured the pre- 
sure-area relations for stearic acid, stearyl 
alcohol, and 1:1 mixture of them. The 
values of An of these three cases differ 
from each other, but they are 20.0~20.5 Ay. 
For simplicity, it is assumed that An is 20.0 
A?, and linear relation is extrapolated to A= 


TABLE I 
CALCULATED VALUE OF Ap w 
(An is assumed to be 20.5 A?) 


Substances End groups 
Alcohols -CH»,OH 
Acids -COOH 
Acetamides -NH-CO-CH; 
Isooleic acid -CH: CH-COOH 
a-Monoglycerides -COOCHs-CHOH-CH2,0H 
Nitrils -C=N 
=f p-OH 
p-Substituted We \Loc 
benzene ; P OCH; 
-< »-NH; 
‘ 4 
Choresterterol am 


3) N.K. Adam, ‘‘ Physics and Chemistry of Surfaces”’, 
Oxford (1938), p. 49. 


A, As Fs B Ap w/kT ae 

(A?) (A?) (dyn./cm.) (4?) (A?) a (Kceal./mol.) 
21.6 bei 6.7 0.48 21.0 0.018 0.01 
25.1 4.6 7.3 2.0 22.5 0.193 0.12 
24.2 ef 25 1.9 ps Ie | 0. 225 0.14 
28.7 8.2 15.2 5 24.0 0.303 0.18 
23.3 5.8 S.F 2.5 23.0 0.639 0.3 

<i Pe 3/.5* 3.1 23.6 0.657 0.39 
24.0 3.5 79. S* 135s 2 6ST 0. 41 

40. 8.8 29.3 4.18 2.5 


8 20.3 847. * 


4) W.D. Harkins and R°*T. Florence, J. Chem. PhySes 
6, 847 (1938). 
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20.0 A? to obtain the value of F,. Calculated 
values of Ap and w from these data by 
Eqs. (21) and (22) are cited in Table II, com- 
pared with that of Adam in Table I. 


TABLE II 
CONDENSED FILM OF FATTY ACID, ALCOHOL 
AND MIXTURE OF THEM 
Harkins & Nakagaki 
Florence & lida 
21.8 22.4 


Film Adam 
RCOOH 


RCOOH 
+R’OH 


R/OH 20.8 1.3 
RCOOH } 0.15 0. 


SR’OH — ” 


R’OH 0.02 0.04 0. 09 


21.3 21.§ 


(xcal., 
nol.) 


The present autors obtained the pressure- 
area curves for stearic acid, cetyl alcohol 
and 1:1 mixed film of them. Stearic acid 
(m.p. 71.1°C) and cetyl alcohol (m.p. 50.2°C 
used are those provided by Nippon Yushi 
KK. A Wilhelmy type tensiometer with 
torsion balance is used with grass trough 
and glass barrier, paraffin with Merck’s 
paraffine (m.p. 46~48°C). The substrate was 
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n/1000 HCI solution. Point G in Fig. 1 is 
observed at about A=20 A’, so that the data 
were treated just as those of Harkins and 
Florence. The results obtained are also cited 
in Table II. It is seen that Ap and w of 
1:1 mixed monolayer are cloth to the aver- 
age of both components. 


Summary 


The idea of head contact and chain contact 
proposed by Adam was formulated by statis- 
tical mechanics, introducing the energy re- 
quired to dip one end group into water, w. 
It is concluded that the value of w is less 
than 1 kcal./mol. for most of molecules ex- 
amined, and it is greater when the length 
of the group is longer. The closs sectional 
area of the end group, Ap, is concluded to 
be smaller than that estimated by Adam. 
As for a mixed monolayer, the value of w 
and Ap were almost equal to the average of 
components. 


Faculty of Living Science, 
Osaka City University, 
Osaka 


Spectrochemical Investigations of the Interaction between Simple Salt 


Anions and Transition Metal 


Cations. IT. 


Association between 


Bisethylenediaming Cupric Complex and Several Anions 


By Hayami YONEDA 


(Received July 13, 1955) 


Introduction 


In the previous report” the author studied 
the absorption due to association between 
hexammine complexes of cobalt(III) and 
chromium(III) and anions of simple salts and 
concluded from the estimation of the degrees 
of association that the particular deforming 
power of the transition metal ions plays an 
important role in association. 

In the present investigation, the author 
studied the absorption due to association 
between [Cu en,|?* complex cation and several] 
anions which had reducing power against 
cupric aquo ion. As the result, marked ab- 
sorption due to association was found in the 
cases of iodide, sulphite and thiosulphate 


ions. At the same time, the author devised 


This Bulletin, 28, 125 


a new method to determine the equilibrium 
constant of association from the analysis of 
absorption data. 


Experimental 

Bisethylenediamine cupric complex was prepared 
from cupric perchlorate and an equivalent amount 
of ethylenediamine, and was recrystallized once 
from hot water. 

Optical densities were measured by means of 
the Shimadzu spectrophotometer using tungsten 
and hydrogen lamps and lcm. quartz cells. All 
measurement was made at room temperature 18°C. 


Results 


In the preliminary experiment, the following 
measurement was made. The salts used were 
KNCS, KBr, KI, NasSO; and Na,S,O;. Each sa 
was dissolved to make a solution of 1 mol./l. con- 
centration. In each solution [Cu en,](C1O4)s was dis- 








m 
»f 














solved to 0.01 mol./l. concentration. Such solu- 
tions of the complex were measured in relation to 
their optical densities. In order to cancel the 
absorption due to the unassociated free anions, 
the corresponding salt solution was used as a 
standard. The results are shown in Fig. 1. The 
inspection of these curves reveals the following 
facts. 

1) In every case the.characteristic absorption 
band proper to the complex remained constant in 
its maximum position (ymax.: 54.8 10!% sec) and 
height (log emax.: 1.82). 

2) In the cases of NCS~ and Br, only slight 
enhancement of the end absorption was observed, 
while in the cases of I-, SO;?- and S20;?-, marked 
absorption due to associaticn was observed in the 
near ultraviolet. Accordingly, it was expected 
that we could determine the equilibrium constants 
of association in the latter cases by using such 
absorption. 


TABLE I 
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In order to determine the equilibrium constant, 
the author made the following measurement. At 
first the method of continuous variations devised 
by Shibata?» and Tsuchida» was applied to de- 
termine the composition of the association product. 
In the cases of SO;?-and I-, 1/10g.ion/l. solutions 
of the complex ‘and the anion, and in the case of 
$,0;?-, 1/40 g.ion/l. solutions were prepared re- 
spectively. Next such solutions of the complex and 
the anion were mixed with each other in the volume 
ratios (equal to the mole ratios) of 3:1, 2:1, 1:1, 
1:2 and 1:3. The mixed solutions thus obtained 
were measured in their optical densities. As the 
result it was found that the absorption of the 1:1 
association product was predominent under the 
present experimental conditions. Some parts of 
the results are listed in Table I. These results 
were used in the determination of the equilibrium 
constants. 






OBSERVED OPTICAL DENSITIES 


Wave-lengths 


350 mz 345 mp 
Mole ratios 
[Cu enz}?*: SO;2- 
is3 0. 271 0. 298 
2:1 — 272 
331 . 220 238 
[Cu eng}?*: I- 
Ree 0. 167 0. 205 
2:3 . 163 . 197 
ee | . 137 . 166 
[Cu eng}?* : S20;27- 
ee 0.170 0.217 
ee . 153 . 199 
as - 124 . 163 
{Cu ene?* only (e=1/10 g.ion/1.) 


0. 


& 


e 


log 


0 oo oO 7 4290 9 100 10 
vy, 10!3 sec™! 
Fig. 1. Absorption Spectra of (Cu en] 
(C104)2 
in Na,SO; solution. 
in KI solution. 
in Naz2S2O; solution. 
in KBr solution. 
in KNCS solution. 
distilled water. 


Our WN 








340 mz 335 my 330 mp 325 mz 
0.316 0. 334 0. 360 0. 395 

. 294 .311 . 339 ark 

. 254 Pe . 295 . 331 

0. 255 0. 312 0. 385 0. 479 

. 240 . 294 . 359 - 449 

. 201 . 245 . 302 . 380 

0. 259 0. 305 0. 358 0. 411 

. 239 . 280 aoe ate 

. 191 oma . 266 . 305 


0. 070 0. 080 0. 098 0. 132 











(Under these mole ratios of the complex and 
the anion, the possibility of producing the 1: 2 and 
1:3 complex-anion association pairs is practically 
negligible. One has only to consider the 1:1 
product.) 

Determination of the Equilibrium Constant.— 
In order to determine the equilibrium constant 
by using the above listed values, the following 
method was devised. 

Consider the case where [Cu ene]}?+ and SO;?- 
associate in aqueous solution to form the follow- 
ing equilibrium 

Cu en,?*+ +SO;?-=—Cu en;-SO; 
The equilibrium constant of association is re- 
presented by 


J [Cu enz-SO;] 
(Cu eng?*][SO;27] 
If we represent the total concentrations of the com- 
plex and the anion with xe and e¢ respectively, 


2) Y. Shibata, T. Inoue and Y. Nakatsuka, J. Chem. 


Soc. Japan, 42, 983 (1921). 
3) R. Tsuchida, This Buiietin, 10, 27 (1935). 
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and the concentration of the association product 
in equilibrium with u, then the concentrations of 
the complex and the anion in equilibrium are re- 
presented by we—u and c~—u respectively. Ac- 
cordingly, the equilibrium constant is represented 
by 


, i 
K= (1) 
(xwe—uvle a) 
Here we consider the degree of association a with 
the anion, 


a= (2) 
c 
Introducing the relation (2) into the equation (1), 
we obtain 
K = ~ (3) 
cia —a)\l—a) 

On the other hand, the observed optical density 
D is represented by 

D =Ecomp.(¥C — 1) + Eass.U (4) 
where écomp. and éass. mean the extinction coef- 
ficients of the complex and the association product 
respectively. (In the present cases the absorption 
of the anion is negligible.) 
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TABLE II 
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(4), we obtain 


D—écom p.©c 


=(€ass. —Ecomp.)a = 42a (5) 
c 


The left side of the equation (5) can be calculated 
from the observed optical density and is repre- 
sented by y. The values of y are listed in Table 
II. The equation (5) is abbreviated to 


y =Aera (6) 
From the equation (3) and (6), we obtain 
y?—yade— xy Ae —(4e)?2x =0 (7) 
where a=1+ 1 (8) 
ck 





The numerical values of « and y are introduced 
into this equation (7), then the equation of the 
second order about @ and de is obtained. At one 
wave-length three such equations are obtained. 
From these equations we can find the most pro- 
bable values of a and 4e by using the method of 
least squares. When the values of a is known, 


we can determine the value of K by using the 
relation (8). 
in Table III. 


The results thus obtained are listed 


CALCULATED VALUES OF y 


Wave-lengths 


350 mz 345 mp 340 mz 335 mp 330 mz 325 mz 
Mole ratios 
[Cu ene}?*: SO;?- 
121 1. 80 5. 30 5. 63 5. 89 6. 22 6.58 
i 6. 42 6.88 7.41 7.76 8.10 8. 49 
3:1 6. 92 7.58 8. 08 8. 44 8. 84 9. 30 
[Cu eng]?*: I- 
Rea 3. 44 4. 40 5. 44 6.72 8. 26 
a31 , 1. 62 5.79 7.26 8. 82 10. 83 
3:1 1.70 5. 92 7.40 9.16 11,24 
[Cu ens]?*: S,0,?- 
Fe 12.96 16. 72 20. 016 23. 60 27.82 31.56 
Ee 17.16 22.58 27. 276 32. 04 37. 04 32 
asi 17.92 24. 23 28. 48 33. 92 39.7 44.80 
TABLE III 
MOST PROBABLE VALUES OF a, 4¢ AND K 
fs Wave-lengths 
350 mz 345 mp 340 mz 335 mp 330 mp 325 mz 
Ion-pairs 
[Cu en,]?*-SO,;?- 
a 1.401 1. 401 1.410 1. 402 1. 384 1.333 
de 12. 07 12.85 13.70 14. 11 14, 42 14.55 
the mean value of a=1.40 K=25 
[Cu en.}*-I- 
a 1. 094 1. 098 1. 095 1.100 1. 107 
de 5. 53 7.02 8.70 10. 83 13. 42 
the mean value of a=1.10 K=100 
[Cu eng}?*-S.0;?- 
a 1. 160 1. 180 L2a7 1.118 1. 298 1.244 
de 23.11 32. 00 39. 25 44, 32 59. 63 63.76 


the mean value of a=1.21 


K =190 





Substituting the relation (2) into the equation 








Aj 


No. 1 


ation 


(5) 
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Discussion 


As the preliminary experiment indicated, 
the characteristic absorption band proper to 
the complex remained constant in associa- 
tion. This fact suggests that the association 
is not a kind of partial substitution of the 
ligand by the anion, and that the association 
product is not a penta-coordinated complex 
{Cu en, x] like [Cu (NH;),]?*+ ®. In such cases 
the characteristic absorption band proper to 
{Cu en,}?* must change its maximum position 
and height. Accordingly, the association is 
presumed to occur without any essential 
change of the structure of [Cu en,|?*. Ac- 
cording to the results of the determination 
of the equilibrium constants of association, 
the stability of the association product in- 
creases in the order of SO,2-<I-<S,0O,?-. 
The univalent anion I- forms a more stable 
product than the bivalent anion SO;?-, and the 
more voluminous anion S,O;?— forms a more 
stable product than the less voluminous anion 
SO,2-. This fact indicates that the associa- 
tion is not caused merely by the electrostatic 
attraction between the complex and anion. 
Rather, it must be considered that, although 
the detailed mechanism of binding is not 
known, the specific polarising power of the 


4) J. Bjerrum and C.G. Lamm, Acta chimica Scandi- 
navica 4, 997 (1950). 
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central cupric ion acts upon the extremely 
polarisable anion to form the association 
product. 


Conclusion 


Marked absorption due to association was 
found between  bisethylenediamine cupric 
complex and anions SO,?-, I- and S,0;?— which 
have a strong reducing power against cupric 
aquo ion, and the equilibrium constants of 
association were determined by the newly 
devised method. The values of K’s were 25 
for SO,?-, 100 for I- and 190 for S.O,?-. This 
results indicates that the cause of associa- 
tion is not always the mere electrostatic at- 
traction between cation and anion, rather it 
suggests that the association can be caused 
by the strong polarising effect of the central 
cupric ion upon the extremely polarisable 
anion. 


The author wishes to express his heartfelt 
thanks to Prof. R. Tsuchida and Prof. M. 
Kobayashi, Osaka University for their kind 
advice and encouragement throughout this 
work. This study was supported in part by 
a grant from the Ministry of Education. 


Chemistry Department, Wakayama 
University, Wakayama 


Analytical Chemistry of Beryllium. VII. Spectrophotometric Determi- 
nation of Micro Quantities of Beryllium with 8-Hydroxyquinaldine 


By Kenji MoTOJIMA 


(Received August 11, 1955) 


Introduction 


The colorimetric methods for the deter- 
mination of micro quantities of beryllium 
which have been recently reported were based 
on the lake formation with such dyes as 
quinizarin-2-sulfonic acid”, aurintricarboxylic 
acid”, alkannin® and naphthazarin®. On 
the whole, these reactions are not specific 
and even small amounts of aluminum and iron 
interfere with the determination of beryllium. 


1) M.W. Cucci, W.F. Neuman and B. J. Mulryan, 
Anal. Chem., 21, 1358 (1949). 

2) G.E. Kosel and W.F. Neuman, ibid., 22, 936 (1950). 

3) A.L. Underwood and W.F. Neuman, ibid., 21, 1348 
(1949); T.Y. Toribara and A.L. Underwood, ibid., 21, 
1352 (1949). 


The method which has been investigated by 
the author and is described below, is funda- 
mentally different from the above mentioned 
ones, and is more specific for beryllium. 

In the previous paper” it was reported 
that beryllium forms slightly soluble chelate 
with 8-hydroxyquinaldine in ammoniacal me- 
dium, which has a formula Be(C,HsNO),, 
and that beryllium can be determined both 
gravimetrically and volumetrically with this 
reagent. The spectrophotometric method is 
based on the property that this chelate is 
soluble in chloroform and can be extracted 
by this solvent. The resulting chloroform 


4) K.Motojima, This Bulletin, ‘‘ Analytical Chemistry 
of Beryllium”’, VI. 
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solution is colored light yellow, and beryl- 
lium is determined by photometry of this 
extract. The method for determination of 
beryllium is made by the following procedure : 
first from the chelate of 8-hydroxyquinaldine 
by adding acetic acid solution of this reagent 
to the beryllium solution and adjusting the 
pH to 8.0-+0.2, next extract the chelate 
with chloroform, and then measure the ab- 
sorbancy of this extract at the wave length 
of 380 my. The reason why this wave length 
is chosen is that beryllium chelate of 8-hy- 
droxyquinaldine in chloroform absorbs most 
strongly at this wave length, while the reagent 
alone in this solvent absorbs strongly below 
370 mp. 


Apparatus 


A Beckman Model DU spectrophotometer with 
1.00cm. glass cell was used for all absorbancy 
measurements. A Beckman glass electrode pH 
meter Model H2 was used for the pH measurements. 


Reagents 


Standard Beryllium Solutions.—Several stand- 
ard beryllium solutions were prepared in the same 
way as was shown in the previous work”, each 
10 ml. of these solution contained 5.3, 10.5 and 
21.0 micrograms of beryllium. 

8-Hydroxy quinaldine Solution.—Dissolve 2 g. 
of pure 8-hydroxyquinaldine prepared by the pre- 
viously described method®, in 4ml. of glacial 
acetic acid by heating and dilute to 200 ml. with 
distilled water. 

Chloroform. — Chloroform was purified by 
washing several times respectively, with 6N 
sulfuric acid, aqueous solution 2N in ammonium 
hydroxide and in ammonium chloride and then 
water, drying over anhydrous calcium chloride 
and then distilling. The recovery of chloroform 
was also made by this procedure. 

Other Reagents.—The other reagents were pre- 
pared from reagent grade chemicals. 


Experimental 


Absorption Spectra.—Absorption spectra of 
beryllium chelate of 8-hydroxyquinaldine in chlo- 


roform were studied. Approximately 50 ml. of 
solutions, containing 10.5 and 21.0 micrograms of 
beryllium, 5 ml. of 10% ammonium chloride solu- 
tion, 3ml. of 8-hydroxyquinaldine solution and 
proper amount of dilute ammonium hydroxide 
to attain the pH to 8.0+0.2, were extracted with 
each 10.0 ml. of chloroform. The resulting chloro- 
form solutions were dried with anhydrous sodium 
sulfate and absorbancies were measured over a 
wave length range of 360 to 470myz. The data 
obtained are given in Fig. 1. From these absorp- 
tion spectra, it is seen that beryllium chelate of 
8-hydroxyquinaldine in chloroform has an absorp- 
tion maximum at 380 my. Accordingly, this wave 
length has been chosen for the determination of 
beryllium. 
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Absorbancy 
g = 


—) 
co 


380 400 420 440 


Wave length (mz) 

Fig. 1. Absorption spectra of beryllium 
chelate of 8-hydroxyquinaldine in chloro- 
form. 

A: 21.0 micrograms of Be. 
B: 10.5 micrograms of Be. 
C: blank. 


Effect of pH on Extraction.—To determine 
the proper pH for the most efficient extraction 
of beryllium, the following series of experiments 
were made. Approximately 50ml. of solutions 
containing 10.5 micrograms of beryllium, 3 ml. 
of 8-hydroxyquinaldine solution and_ sufficient 
amounts of either acetic acid and acetate or 
ammonium hydroxide and ammonium chloride 
to attain the desired pH, were extracted with 
each 10.0ml. of chloroform. Measurements of 
pH were made on the aqueous layers after ex- 
traction. The extracts were dried with anhydrous 
sodium sulfate and then the absorbancies were 
determined at 380myz versus chloroform. The 
results obtained are shown in Fig. 2. Extraction 
is seen to be complete over a pH range 7.5 to 
8.5. A similar experiment was made about the 
reagent, and it was found that the blanks were 


Absorbancy 


pH 
of pH on extraction of 
8-hydroxyquinal- 


Fig. 2. Effect 
beryllium chelate of 
dine. 

A: 10.5 micrograms of Be. 
B: blank. 
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reasonably constant in this pH range. So that 
the optimum pH range for the extraction is from 
7.5 to &.5. 

Amount of Reagent.—Approximately 50 ml. of 
solutions containing 10.5 and 21.0 micrograms of 
beryllium respectively, and varying amounts of 
8-hydroxyquinaldine solution, were extracted with 
each 10.0ml. of chloroform at a pH 8.0+0.2. 
Then the measurements of the absorbancy at 
380 mz, versus chloroform, were made on these 
dried extracts. A similar set but with no beryl- 
lium present was also run. These results are 
shown in Fig. 3. 

In case that more than 2.5 ml. of reagent solu- 
tion is added, the rate of increase of these ab- 
sorbancies is not very large, and as to the case 
when 10.5 micrograms of beryllium is present, 
the absorbancies after correction for the blank 
reading are almost constant. So that 3ml. of 8- 
hydroxyquinaldine solution has been selected as a 
suitable amount of reagent. 


Absorbancy 


Reagent added (ml.) 

Effect of reagent on absorbancy. 
A: 21.0 micrograms of Be. 

B: 10.5 micrograms of Be. 

Cc blank. 


Fig. 3. 


Effect of Digestion.—When extraction was made 
without digestion, the recovery of beryllium 
showed somewhat low values, but not so large 
an effect of digestion was observed, and it was 
confirmed that the digestion for from fifteen to 
thirty minutes at room temperature is most suita- 
ble. 

Stability.—The absorbancy of the dried extract, 
stored in an amber glass bottle with a glass stop- 
per, was found to remain unchanged for three 
days or more. 


Spectrophotometric Procedure and 
Preparation of Calibration Curve 


About 35 ml. of slightly acidic solution contain- 
ing not more than 30 micrograms of beryllium, 
is treated with 5ml. of 10% ammonium chloride 
solution and 3 ml. of 8-hydroxyquinaldine, solution, 
and the pH of the resulting solution is adjusted to 
8.0+0.2 with 2N ammonium hydroxide. The 
solution is transferred to a cone-shaped 130 ml. 
separatory funnel which is graduated at 50 ml. 
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with a few milliliters of rinsed water, and the 
volume is brought to 50ml. After standing for 
half an hour, extraction is made with 10.0 ml. of 
chloroform added from automatic measuring 
pipette», by vigorous shaking for a minute. The 
chloroform layer is drawn off into a small amber 
glass bottle with glass stopper, containing a gram 
of anhydrous sodium sulfate, and is shaken to 
remove droplets of water. Then the absorbancy 
of this extract is measured at 380 mz using blank 
as a reference. Beryllium is determined by the 
use of a calibration curve which is prepared by 
similar treatment of a series of a known amount 
of beryllium. 

The calibration curve was prepared by taking 
5.3, 10.5, 15.8, 21.0, 26.3, 31.5, 36.8, and 42.0 micro- 
grams of beryllium. The result is shown in Fig. 
4. As will be seen from this curve, a close ap- 
proximation to a linear relationship between beryl- 
lium concentration and the absorbancy is obtained 
up to 30 micrograms. 





0.8 


06 


Absorbancy 





10 20 30 40 


Micrograms of Be 
Fig. 4. Calibration curve of beryllium. 
(at the wave length of 380 mz) 


Interfering Substances 


A few grams of sodium, potassium and am- 
monium salts of acetate, sulfate, chloride and 
nitrate do not interfere with this procedure. 
Less than 1 mg. of phosphate ion, 15mg. of mag- 
nesium and 5mg. of calcium also do not interfere 
with this procedure. 

A small amount of aluminum, not more than 
100 micrograms, does not interfere with this 
procedure, but when more than that exists it 
precipitates its hydroxide that prevents the ex- 
traction, therefore more than 100 micrograms of 
aluminum must not be present. Tartrate, though 
it is useful for the prevention of aluminum pre- 
cipitation, must not be added, because it hinders 
the complete extraction of beryllium chelate. 
Bismuth, cadmium, chromium, copper, cobalt, indi- 
um, iron, nickel, tin, titanium and zinc ions do 
interfere with this procedure, because they form 


5) K. Motojima, J. Chem. Soc. of Japan (Pure Chem. 


Sec.), 76, 903 (1955). 
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chelates of 8-hydroxybuinaldine or hydroxide, 
but these metals, except titanium, can be simply 
and rapidly removed from beryllium by mercury- 
cathode electrolysis», and such metals as copper, 
cadmium, iron, nickel and zinc may be masked 
by use of cyanide. 

The separating method of beryllium from 
relatively large amounts of aluminum, iron and 
titanium, and determination method of beryllium 
in the presence of a minute amount of iron were 
especially studied. 


Determination of Beryllium in 
Presence of Iron 


Ferric iron yields a dark bluish chloroform 
solution under the same condition and interferes 
seriously with the determination of beryllium, but 
its absorption spectrum is entirely different from 
that of beryllium, and has two absorption maxima 
at the wave length of 470 and 580 mz, as is shown 
in Fig. 5. Beer’s law is obeyed at 580 and 380 my, 
respectively, as is shown in Fig. 6, while beryl- 
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400 500 600 
Wave length (mp) 

Absorption spectra of ferric 

8-hydroxyquinaldine in 


Fig. 5. 
chelate’ of 
chloroform. 

A: 50.0 micrograms of Fe. 
B: 25.0 micrograms of Fe. 


co 


Absorbancy 


50 
Micrograms of Fe 


Calibration curves of iron. 
A: at 580 mz. 
B: at 380mz. 


Fig. 6. 


6) A.D. Melaven, Ind. Eng. Chem., Anal. Ed., 2, 180 
(1930). 
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lium chelate has no absorption at 580myz. There- 
fore, beryllium can be determined in presence of 
a small amount of iron, not more than 50 
micrograms, by making a correction for the 
amount of iron present. 

The following formula holds” : 


Fe Fe 
oe 4580 4380 %320 4580 
.=— a 


Be Fe 
4380 °%ss8o 
where, Cpe: beryllium present, A: absorbancies 
measured, a: absorbancy index (the absorbancy 
per microgram of beryllium or iron). 
r — sii Be Fe Fe 
The values of df, @gg9 and azz, are found 
from the calibration curves for beryllium and iron 
at 380 and 580 myz, respectively. In this experi- 
ment these values are as follow: 
ak ©, =0.0098, =0.0085, 


380 


Be _ a9 
Asso 0.0352. 


A number of mixed solutions containing known 
amounts of beryllium and iron in various ratios 
were prepared and beryllium was determined by 
making the above correction. Some of these 
results are shown in Table I, which seem to be 
quite satisfactory. 


Fe 
A580 


TABLE I 
DETERMINATION OF BERYLLIUM IN PRE- 
SENCE OF IRON 


Absorbancy, Be 

Found, 
Micro- Micro- 
gram gram 


= | —0.2 
+0, 
0. 
+0. 
+0. 
+0. 
—1. 
—0. 


Be Fe Error, 


Taken, Added, 
Micro- Micro- 
gram gram 380myz 580mz 


5.3 10. 0. 283 0. 085 
25. 0. 441 . 207 
10. 0. 470 . 088 
25. 0. 622 . 212 
10. 0. 860 . 089 
25. 0.990 . 216 
10. 1.170 . 087 
25.0 1. 330 . 209 


Measured 


5. 
10. 
10. 


21. 


w 
— 
oo yl ul 


Wd & 
on 
orrFOnun 


31. 
31. 


oocou vl 


w 
Oo 


Extraction Separation Method with Oxine 


Such metals as aluminum, copper, iron, nickel 
and titanium which precipitate chloroform-soluble 
oxinate from acetic acid and acetate medium can 
be quantitatively separated from beryllium by the 
following procedure. Of these metals, aluminum, 
iron and titanium were especially studied. 

About 40 ml. of slightly acidic solution contain- 
ing not more than 20mg. of aluminum, 20 mg. of 
iron and 10 mg. of titanium, and a suitable amount 
of beryllium, is treated with a sufficient amount 
of 5% oxine acetic acid solution to make oxinate 
of these metals, and the pH of the solution is 
adjusted to from 4.5 to 5.0 with 2N ammonium 
acetate solution. Then the oxinate of these 
metals and the excess of oxine are extracted with 
five 10 ml. portions of chloroform. The resulting 
solution is heated gently to expel the droplets of 
chloroform, and the volume is brought to about 
10 ml. by evaporation. After cooling, beryllium is 


7) §E.B. Sandell, ‘‘Colorimetric Determination of Traces 
of Metals’’, New York, (1950), p. 70. 
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and even in the presence of a minute amount 
of iron, beryllium can be determined by 
making a correction for the amount of iron 
persent. Therefore complete separation of 
aluminum and iron is not necessary. More- 
over, the separation method of beryllium 
from relatively large amounts of iron, alumi- 





determined with the above mentioned procedure. 
In this case it is desirable to measure the absor- 
bancy at 580my and, if necessary, make a cor- 
rection for iron which seems to be accidentally 
mixed in the solution during the procedure. Some 
of the results are shown in Table II, which seem 
to be satisfactory. 


















TABLE II 
THE RESULTS OF EXTRACTION SEPARATION METHOD WITH OXINE 























Be Metals Added Absorbancy Be Error, 
Taken, Milligram, Measured, Found, 

Microgram Fe Al By! 380 mz 580 mz Microgram Microgram 
10.5 — _ — 0.383 0.011 10.5 0.0 
21.0 0.735 0.003 20.8 —0.2 

0.0 20 --- -= 0. 016 0.010 0.1 +0.1 
10.5 20 — -— 0. 375 0. 004 10.5 0.0 
21.0 20 — _— 0. 732 0. 003 20.7 0.3 

0.0 — 20 — 0.012 0. 002 0.4 +0.4 
10.5 —_— 20 a 0. 382 0. 002 10.8 -0.3 
21.0 -~ 2C - 0.740 0.011 20.7 —0.3 

0.0 —_ — 10 0. 021 0. 000 0.6 +0.6 
10.5 = — 10 0. 361 0. 001 10.2 0.3 
21.0 — —— 10 0.763 0.011 21.3 +0.3 
10.5 5 5 2 0. 373 0.015 10.1 0.4 
21.0 10 10 2 0.744 0.025 20.3 0.7 






num and titanium was studied. 





Conclusion 

. The author wishes to express his sincere 
appreciation to Prof. Dr. M. Ishibashi for his 
encouragement and numerous’ suggestion 
throughout the investigation. 





The spectrophotometric method for deter- 
mination of microquantities of beryllium 
with 8-hydroxyquinaldine was_ established. 
By this method from 2 to 30 micrograms of 
beryllium in about 40 ml. can be determined 
simply and accurately. Small quantities of 
aluminum do not interfere with this method, 
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yellowish green fluorescence under ultraviolet 
light, the following investigation was under- 
taken to see whether or not this fluorescence 
was reproducible enough for a fluorometric 





Introduction 






In the previous paper” it was reported that 
the beryllium chelate of 8-hydroxyquinaldine 






could be quantitatively extracted with chloro- 
form and that the extract was successfully 
used for the spectrophotometric determination 
of micro quantities of beryllium. As this 
chloroform extract containing beryllium 
chelate of 8-hydroxyquinaldine shows strong 


1) K. Motojima, This Bulletin, ‘‘ Analytical Chemistry 
of Beryllium. VII.” 


method for beryllium. 

Beryllium chelate of 8-hydroxyquinaldine 
was extracted with chloroform by a way 
similar to that mentioned in the previous 
work", then the fluorescence of the extract 
was measured, and it was found possible to 
determine from 0.3 to 3 micrograms of beryl- 


lium in about 40ml. of solution without 





















































































































































































































































































difficulty. Therefore the sensitivity of this 
method is nearly equal to that of the morine 
method developed by Sandell*, but is better 
than that of the quinizarin method established 
by Fletcher and others”. 


Apparatus 


A fluorometric attachment for Beckman Model 
DU spectrophotometer with a tungsten lamp as 
the light source, was used for fluorescence 
measurement. A primary filter transmits a band 
of wave-lengths centering at 360 my, and a second- 
ary filter which is transparent to all wave-lengths 
longer than about 430 mu, were used. The reason 
why this secondary filter was selected, was that 
the wave-length band of the fluorescent light 
produced by the beryllium chelate of 8-hydroxy- 
quinaldine in chloroform was approximately dis- 
tributed from 450 to 625 mz, which was observed 
by the visual method using a spectrometer. 

All the other apparatuses were the same as were 
used in the previous work”. 


Reagents 


Standard Beryllium Solution.—Several stand- 
ard beryllium solutions were prepared by exactly 
diluting the standard solution used in the previous 
work». Each 10ml. of these solutions contained 
0.53, 1.05 and 2.10 micrograms of beryllium. 

Standard Quinine Sulfate Solution.—Quinine 
sulfate (0.100g., reageut grade) was dissolved and 
diluted to 11. with 0.1N sulfuric acid. This so- 
lution was exactly diluted with 0.1N sulfuric acid 
to yield a solution containing 1 microgram of qui- 
nine sulfate per milliliter. 

Other Reagents. — 8-Hydroxyquinaldine _ so- 
lution, chloroform and the other reagents were 
prepared in the same way as was mentioned in the 
previous work”. 


Procedure and Preparation of 
Calibration Curve 


Approximately 35 ml. of slightly acidic solution 
containing from 0.3 to 3 micrograms of beryllium, 
is treated with 5ml. of 10% ammonium chloride 
solution and 2ml. of 8-hydroxyquinaldine solution, 
and the pH of the solution is adjusted to 8.0+0.2 
with 2N ammonium hydroxide. The solution is 
transferred to a separatory funnel with a few 
milliliters of rinsed water, and the volume is 
brought to 50ml. By the same _ procedure 
mentioned in spectrophotometric method”, ex- 
traction is made with 10.0 ml. of chloroform, and 
the chloroform solution is dried with unhydrous 
sodium sulfate. Then the fluorescence of this 
chloroform solution is measured with a Beckman 
photofluorometer setting the chloroform at 0 and 
the standard quinine sulfate solution to 100 (or 50 
when the fluorescence of the sample solution is 
stronger than this standard) on the transmittancy 


2) E.B. Sandell, Ind. Eng. Chem., Anal. Ed., 12, 674, 
762 (1940); E.B. Sandell, Anal. Chim. Acta, 3, 89 (1949). 

3) M.H. Fletcher, C.E. White and M.S. Sheftel, Jnd. 
Eng. Chem., Anal. Ed., 18, 179 (1946). 
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scale with the selector switch in the 1 position. 
Beryllium is determined by the use of the cali- 
bration curve prepared by similarly treating a 
series of known amount of beryllium. 

The calibration curve was prepared by taking 
from 0.26 to 7.35 micrograms of beryllium. The 
result is shown in Fig. 1. As will be seen from 
this curve, an approximation to a linear re- 
lationship between beryllium concentration and 
the intensity of fluorescence is obtained up to 3 
micrograms. 


reading 


Scale 








20 4p 60 


Micrograms of Be 
Fig. 1. Calibration curve for  fluoro- 
metric determination of beryllium. 


80 


Effect of Variables 


Effect of pH.—A series of several solutions each 
containing 2.10 micrograms of beryllium in about 
35 ml. was treated with 2 ml. of 8-hydroxyquinal- 
dine solution and suitable amounts of acetic acid 
and ammonium acetate or ammonium hydroxide 
and ammonium chloride to fall within a pH range of 
from 4 to 10. Then the extraction was made and 
the fluorescence of the extract was measured, 
respectively, by the above mentioned procedure. 
The results are shown in Fig. 2, and the approxi- 
mately constant fluorescence is obtained in the pH 


range from 7.5 to 8.3. 


40 
30 


20 


Scale reading 


5 6 7 8 9 10 


pH 
Fig. 2. Effect of pH on fluorometr'c de- 
termination of beryllium. 
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Ammount of Reagent.—Approximately 50 ml. 
of solutions each containing 2.10 micrograms of 
beryllium, 5ml. of 10% ammonium chloride so- 
lution, varying amounts of 8-hydroxyquinaldine 
solution, and a suitable amount of dilute am- 
monium hydroxide, enough to adjust the pH to 
8.0+0.2, were extracted with 10.0ml. of chloro- 
form respectively. Then, the fluorescences of 
these dried extracts were measured. As is shown 
in Fig. 3, the maximum intensity of the fluo- 
rescence is achieved by the use of 1.5 ml. of re- 
agent solution, and as the reagent is added more 
and more, the intensity shows gradual decrease 
in proportion to its amount. For this reason 2 ml. 
of 1% 8-hydroxyquinaldine solution has _ been 
chosen as a suitable amount. 


60) 


oe 

= sm 

4 

= 

» 40 

DR 

30) 

1 2 3 4 5 
Reagent added (ml.) 

Fig. 3. Effect of amount of reagent. 


Stability.—The fluorescence of the chloroform 
solution of beryllium chelate of 8-hydroxyquinal- 
dine, stored in an amber glass bottle with a glass 
stopper and protected from sunlight was found to 
remain unchanged for a day, however, when the 
solution was left exposed to strong ultraviolet 
light, gradual decrease of fluorescence was 
observed. 

Effect of Diverse Ions.—All of the ions which 
interfere with the spectrophotometric procedure 


TABLE I 
EFFECTS OF IRON AND ALUMINUM 
(Be taken in each case is 2.10 micrograms) 


Added, Fluorometer Be Found, 
Microgram Scale Reading, Microgram 
Fe 0 53.0 2. 15 

5 47.5 1. 87 

10 38. 0 1. 4; 

15 30.5 1. 0s 

20 24.0 0.78 

Al 5 51.9 2. 0s 
10 53.8 2.17 

25 58.7 2. 4o 

50 60. 5 2. 47 

9 


So 


100 62. 
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mentioned in a previous paper, hinder this flu- 
orometric method, therefore these ions should be 
absent. In this study, iron and aluminum were 
especially investigated, since they are most likely 
to exist together with beryllium. Their effects 
are shown in Table I. Though the effect of alu- 
minum is not very great, it is desirable to remove 
more than 10 micrograms of aluminum. 

The method to remove relatively large amounts 
of iron and aluminum from micro quantities of 
beryllium was made by the extraction separation 
method with oxine, mentioned in a previous 
paper», and then beryllium was determined flu- 
orometrically. The results thus obtained are quite 
satisfactory, as shown in Table II. 


TABLE II 
THE FLUOROMETRIC RESULTS AFTER EX- 
TRACTION SEPARATION WITH OXINE 
Be Metals Be 











Fluoro- 


Taken, Added, meter Found, {70% 

Micro- Milligram Scale Micro- 
gram Fe Al Reading, gram eee 
0.00 20 _ YP 0. 0o 0. 0g 
0. 00 = 20 13.0 0. 25 +0. 25 
0. 00 10 10 8.8 0. lo +0. 1p 
0.53 10 10 20.0 0. 60 +0. 0; 
1.05 20 = 34.3 1.2, +0. 2; 
1.05 — 20 32.5 1.1 +0. 1; 
1. 05 10 10 31.1 le 1s + 0.0; 
2.10 20 = 49.7 1. 9s 0. le 

* 2.10 . 20 18.8 1.9, 0. 1g 
2.10 10 10 52.5 2.1o 0. 0g 

Conclusion 


The fluorometric method for determination 
of micro quantities of beryllium with 8-hydro- 
xyquinaldine was_ established. By this 
method from 0.3 to 3 micrograms of beryllium 
in about 40 ml. of solution can be determined. 
The method of removing relatively large 
amounts of iron and aluminum from micro 
quantities of beryllium by the extraction sepa- 
ration method with oxine was also studied, 
and satisfactory results were obtained. 


The author wishes to express his sincere 
appreciation to Prof. Dr. M. Ishibashi for his 
encouragement and numerous suggestions 
throughout the investigation. 
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On the Ion-exchange of Uranium 


By Tatsujiro IsHimori and Hisateru OkuUNO 


(Received August 15, 1955) 


With respect to the behavior of the urani- 
um ion towards the ion-exchange resins, three 
investigations have thus far been reported: 
the elution of the uranium ions which have 
been adsorbed on cation-exchangers by the 
aid of oxalic acid’; the separation of UO.*” 
and NpO,* with nitric acid?’ ; and the adsorp- 
tion of uranium ions on anion-exchangers 
in hydrochloric acid solution®. Now, the 
authors have studied the behavior of the 
uranium ion towards ion-exchangers on the 
basis of the distribution coefficient in solu- 
tions which contain acetate, sulfate, sulfuric 
acid, carbonate, and hydroxylamine, respec- 
tively. Solutions which contain oxalic acid 
or hydrochloric acid were also studied. Thus 
we have obtained some knowledge which 
will be useful in the separation of the ura- 
nium ion. And on this basis, we attempted 
the separations of uranium from thorium, 
iron (III), and neodymium. 

In addition, we made some _ studies of 
uranyl nitrate solutions which either conta- 
ined or did not contain the sulfate; and from 
its adsorbability we tried to get some infor- 
mation about the state of the uranyl ion in 
the solutions. 


I. Method of Determination of Uranium 


The uranium ion was determined colorimetri- 
cally with sodium carbonate and hydrogen per- 
oxide». Five millilitres of 10% sodium carbonate 
solution and 2ml. of 3% hydrogen peroxide solu- 
tion were added to a neutral sample solution, and 
the total volume of the solution was made 25 ml. 
Then, the uranium ion was determined by means 
of a Hitachi-photoelectric colorimeter and Téshiba- 
filter VC-1. The calibration curve obtained is 
shown in Fig. 1. Sample solutions which were 
not neutral were treated similarly after being 
neutralized. Sample solutions which contained 
oxalic acid were evaporated to dryness; the resi- 
due was heated to volatilize and destroy oxalic 
acid, and dissolved in hydrochloric acid. Then, 
after volatilizing excess hydrchloric acid on a 
water-bath, the aqueous solutions were treated as 
above. 


1) D. Dolar, Z. Draganic, Rec. trav. inst. recherches 
structure matiére 2, 7783 (1953); Zd. Dizdar, Rec. trav. 
inst. recherches structure matiére 2, 85 (1953). 

2) G. Johansson, Sv. Kem. Tid., 65, 79 (1953). 

3) K.A. Kraus. Private communication. 

4) E. B. Sandell, ‘‘Colorimetric Determination of 
Traces of Metals’’ 1950, 2nd Ed., p. 601. 
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Fig. 1. Calibration curve of NasCO;.H.O, 
method. 


II. Measurements of the Distribution 
Coefficient Ka 


To a solution which contained a known amount 
of the uranyl ion and of known volume, was 
added a known amount of the ion-exchange resin. 
After the exchange-equilibrium was attained, the 
uranyl ions in the solution phase were determined 
colorimetrically, and the distribution coefficient 
was calculated as follows: 


_ [UO2R] 
~ [UOd]s 
where [UO2R] represents the amount of UOz in 
1g. of the resin, and [UOg]s, that in 1 ml. of the 
solution. 

Most of the experiments were carried out by 
adding 0.2-1g. of the resin to 25 ml. of a solution 
which contains 5-20mg. of uranium. The ex- 
change-equilibrium was attained in several hours 
in the case of a cation-exchanger, and in 15-20 
hr. in the case of an anion-exchanger. The solu- 
tions were frequently stirred during these periods. 
In calculating the value of Ka, reduction in the 
volume of solutions due to absorption of water 
by the resins was neglected. 

The following ion-exchangers were used. Ca- 
tion-exchangers: Dowex 50, X-4; Dowex 50 (com- 
mercial). Anion-exchangers: Dowex 1, X-8. 


Ka (ml./g.), 


III. Adsorption on Cation-exchange Resins 


A) Uranyl Nitrate Solution.—It is reported” 
that in uranyl nitrate solutions UO2(NO;)* ions 
are present when the concentration is high, while 


5) ‘*‘Mukikagaku Zensho (Handbook of Inorganic 
Chemistry),"’ 251 (1953), Maruzen Co., Ltd., Tokyo. 
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in dilute solutions the salt dissociates to the second 
Our experimental results on the cation 
uranyl nitrate solutions confirmed 


stage. 
exchange in 
this fact. 

The exchange equilibriums were studied by a 
batch method by adding a solution of UOsNO3)s 
and NaNO, (in molar ratio, UOst?: Nat=1: 1.18) 
to Dowex 50, X-4 (NaR-form resin). The concen- 
tration range studied was 0.36N-0.05N. The 
results are plotted in Fig. 2. 


10 
5 10 


Fig. 2. Equilibrium curve jof UO»A(NO;). 
in solutions. 


In Fig. 2, in the concentration range where 
UO.*2 is less than 0.007 mol./l. after equilibrium 
been attained, the slope of the curve 


[UO.R] [NaR] 
[UQge]s [Na]s 
which means that the salt is dissociated to the 
state of UOzt?. In the concentration range above 
0.019 mol. UOz/l., however, there can be seen no 


has 


log vs. log is shown to be 2, 
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such relation; hence it is taken that the dissocia- 
tion does not advance to the second stage. 

In the following experiments, only the dilute 
uranyl solutions were dealt with; so there was 
no trouble with respect to the problem of dissoci- 
ation of the uranyl! salt. Uranyl ions may be con- 
sidered to be adsorbed as di-positive ions when 
passed through the cation-exchanger layers. 

B) Reduction of Adsorbability in Oxalic 
Acid, Acetate, Sulfate, Carbonate, or Hydro- 
xylamine Solution.—The distribution coefficients 
in oxalic acid, acetate, or sulfate solutions are 
given in Table I. The adsorbability of the uranyl! 
ion was found to decrease so considerably in the 
presence of acetate as well as oxalic acid that 
acetate solution may be utilized as an eluent for 
the uranyl ion. In the carbonate solution urany! 
ions are not adsorbed at all. Hydroxylamine has 
been used for the separation of the uranyl and 
beryllium ions». The relation between the dis- 
tribution coefficient and pH in the hydroxylamine 
solution is given in Fig. 3. 


Ka 


Soln.: 25ml. con- 
taining 5 mg. of 
U (VI) and Imi. 
of 1N NH2OH 
x NaCl. NaR: Do- 
wex 50, X-4, 0.5¢ 


pH 
Fig. 3. Distribution coefficient curve in 
hyrdoxylamine solution. 


TABLE I 


DISTRIBUTION COEFFICIENTS OF THE URANYL IONS ON 
ACETATE, 


OXALIC ACID, 

[((COOH).2] % 0.05 
Kd 72 
[AcO] N 0 
Kd 119 
[SO4] N 0 
Kd 9x 


(COOH): 
—HR 
CH3-COONa 
—NaR 
NazSO, 
—NaR 
Solution: 25 ml. 
(a) HR: 
(b) NaR: 
soln. : 
(c) NaR: 
soln. : 
6 P.H. M-P Brinton, 
Soc., 45, 395 (1923). 


R. B. Ellestad, J. Am. Chem. 


THE CATION EXCHANGER IN 


AND SULFATE SOLUTIONS 


0. 


25 


0. 


28 


0. 


37 


2 1 2 
3.7 5. 0.5 
0. 032 0. 08 
13 4.3 
04 0.10 ‘ 0. 20 


24 15 


016 


Dowex 50 (commerical) 0.5 g.; 10.8 mg. U/25 ml. 
Dowex 50, X-4 0.5¢g.; 5.4 mg. U/25 ml. CH;COONa-NaNO; mixed 
conc. of the sodium ion=0.16N 
Dowex 50, X-4 0.5 g.; 5.4 mg. U/25 ml. 
conc. of the sodium ion=0.30N 


Na2SO,-NaNO; mixed 
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C) Change of Adsorbability with the Addi- 
tion of Alcohol.—In the cation-exchange in an 
alcoholic solution, alkali metals are known to 
increase their adsorbabilities. In uranyl nitrate- 
HR form resin system, too, an increase in adsorb- 
ability was found to be produced by the addition 
of methyl alcohol (Fig. 4). This fact may be 
utilized to catch the uranyl ion which is relatively 
weak in adsorbability as a di-positive ion. 


Ka 
HR-UO,*? (nitrate) 
MeOH 


80 
vol. % MeOH 
Fig. 4. Effect of alcohol. 
25 ml. of 0.18N HNOs, contain- 
ing 20 mg. of U(VI). 
HR: Dowex 50, X—4, 0.2g¢. 


Soln. : 


IV. Adsorption on Anion-exchange Resins 


A) Adsorption in Hydrochloric Acid Solu- 
tions.—With regard to the ion-exchange of the 
uranyl ion in hydrochloric acid solutions, Dia- 
mond, Street, and Seaborg studied its cation- 
exchange”, and Kraus studied the anion-ex- 
change». In Table II are shown our results on 
the adsorbability into the anion-exchanger in 
hydrochloric acid solutions of various concentra- 
tions. These results are found to be in agreement 
with those of Kraus. 

B) Adsorption in Sulfuric Acid and Sulfate 
Solutions.—Absorption of the uranyl ion on the 
anion-exchanger in sulfuric acid and ammonium 
sulfate solutions is presented in}Table II initerms 
of their distribution coefficients. Generally, 
stronger adsorption occurs in the latter solutions 
than in the former. This may be due to the 


TABLE 


DISTRIBUTION COEFFICIENTS OF THE 
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insufficient formation of the complex anions, owing 
to the presence of HSO, ion, in sulfuric acid 
solutions. In both cases adsorbability decrease 
as the concentration of the solution increases. 

C) Adsorption in Carbonate Solutions.—In 
sodium carbonate solution uranyl dissolves in 
excess of the reagent, and the complex anion 
formed has a strong tendency to be adsorbed. 
The distribution coefficient is shown in Table II. 
This tendency may be used to concentrate ura- 
nium (VI) which has been extracted with excess 
of sodium carbonate. 

An anion-exchanger was saturated with 0.2N 
sodium carbonate solution and uranium (VI) solu- 
tion (2 mg./ml.), then washed with dilute sodium 
carbonate solution. The result of measurement 
of the exchange capacity for the exchanger (Dowex 
I, X-8) showed that one mol. of uranium (VI) cor- 
responded to 5.9 equiva lents. As one mol. of 
uranium corresponds to 6 equivalents, the complex 
anion supposed is [UO2(CO3);J*. The relatively 
small capacity is disadvantageous in concentrating 
and recovering uranium by this procedure. 


C/m/ml. 


300} 


Umg/nl 


2.5 


IN HCl 








Separation from Th-234. 


II 


URANYL IONS ON ANION-EXCHANGERS 


HYDROCHLORIC ACID, SULFATE, SULFURIC ACID, AND CARBONATE SOLUTIONS 


HCI-RC1 [HCl] N 2.4 
Kd 13 
(NH 4)eSO, [( NH4),SO4] N 0. 
—RSO, Kd 3000 
Hy»SO, [H»SO,4] N 0. 
—RSO, Kd 590 
Na,CO, [NazCO;] N 0. : 
—RCOz3 Kd 3250 


(a) 


(b) 


(Cc) 


Anion exchanger: Dowex 1, X-8, 
Solution: 25 ml. 
(a) RCI: 0.5g., Solution: U 
(c) RSO,: 0.2g., Solution: U 


20 mg. 
10 mg. 


7) R.M. Diamond, K. Street Jr., G.T. Seaborg, J. Am. 
Chem. Soc,, 76, 1461 (1954). 


3.6 4.8 . fou 
150 216 394 
0.5 1.0 1.9 
632 347 322 
0. 47 
69 
0. 96 


394 


Solution: 
Solution: 


R5O.: 0.2¢.. 
RCO;; 0.2g., 
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V. Separations 


A) Separation from Thorium.—Separation 
from thorium-234 was tried utilizing the adsorb- 
ability of U (VI) in hydrochloric acid solution. 
Dowex 50, X-8 resin was used. The elution curve 
is given in Fig. 5a. First, thorium was eluted 
with 8N hydrochloric acid; and then U (VI), 
adsorbed on the exchanger, was eluted with 1N 
hydrochloric acid. 

The adsorption curve of the radiations of ura- 
nium here obtained was measured by means of a 
Lauritsen electroscope and aluminum absorbers. 
The results are plotted in Fig. 6. 


div./min. 


Fig. 6. Absorption curve of U-fraction. 

B) Separation from Iron _ III.—Separation 
from iron (III) was carried out utilizing the 
adsorbability of U (VI) in sulfuric acid solution. 
The experimental conditions and the elution curve 
obtained are shown in Fig. 5b. A mixture of 
uranium (VI) and iron (III) in sulfuric acid solu- 
tion was evaporated to dryness, then dissolved in 
0.2N H2SO, and 0.6N (NHy,)sSOy. Iron (III) was 
separated by passing RSO,-form exchanging layer. 
Afterwards uranium (VI) was recovered by elut- 
ing with 2N sulfuric acid. 


On the Ion-exchange of Uranium 


Umg./ml. 


H.SO, 02N 
(NH,» S04 0.6N 


Fe(II) 


Sth 


10 60 80 100 ml 





Fig. 5b. 

C) Separation from Neodymium.—Based on 

the fact that neodymium is not adsorbed on an 

anion-exchanger in hydrochloric acid solution, the 

separation was carried out similarly as in the 

case of thorium. The same resin was used. The 
result is given in Fig. 5c. 


Separation from Iron (III) 


mg./ml. 


L 


k—— 8N HC]———+— IN HCI 





6 0 1” ml 
Fig. 5c. Separation from Nd. 
VI. Complex Formation between 

Uranyl and Sulfate Ions 


The state of the complex ion which is formed 
between uranyl! and sulfate ions in solution was 
studied after the method suggested by J. Schu- 


Ka 


NaR: Dowex5 50; 
1, 0.5 g. 
Soln: 5.4mg. u/25 

ml., 
NaNO; + Nao-SO, 
=0.3 N. 





N[SO,] 
Fig. 7. The relation between Kaq™ and 
the concentration of sulfate. 
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bert, and it was found the complex present is 
in molar ratio UO.t?: SO,?=1:1. A mixed solu- 
tion containing sodium nitrate, sodium sulfate, 
and a definite amount of uranyl nitrate was added 
to a NaR-type resin, and the distribution coeffici- 
ent was determined. The amount of uranium 
added was less than one-twentieth of the capacity 
of the ion-exchanger used. The total concentra- 
tion of the NaNO;-NasSO, mixed solution was 
0.3N, while the concentration of NasSO, was 
varied between 0 and 0.3N. The result is given 
in Fig. 7. 

As is seen in Fig. 7, the relation between Kua 
and the concentration of sulfate ion is linear. 
Hence, it may be inferred that the ratio UO,*?: 
SO,? is 1:1 as described above. That uranyl 
ions may be adsorbed on an anion-exchanger in 
sodium sulfate solution may be explained in 


8) J. Schubert, Anal. Chem., 22, 1359 (1950). 


HATA [Vol. 29, No. 1 
terms of shifting of the equilibrium due to the 
formation and adsorption of the complex anion. 


VII. 


From the experimetal results on the ion- 
exchange of uranium (VI), it was found that 
acetate solution is excellent for the elution in 
canion-exchange procedure; and that separa- 
tion of uranium can be effected with sulfate 
solution in anion-exchange procedure. 


Conclusions 


The authors are grateful to the Ministry 
of Education for a Grant-in-Aid for Scientific 
Research. 


Department of Chemistry, College of 
Science, Rikkyo University, Tokyo 


Ultraviolet Absorption Spectra of 4-Chloro- and Bromo-pyridine 
N-Oxides 


By Norisuke HATA 


(Received August 23, 1955) 


Introduction 


In a previous paper'’, we have reported 
the ultraviolet absorption spectrum of pyridine 
N-oxide in solution and in vapor phase, where 
we observed a weak absorption system due 
to an n—zx* electronic transition, and dis- 
cussed the effect of proton-donors on this 
absorption. 

In the present investigation we measured 
the ultraviolet absorption spectra of 4-chloro- 
and bromo-pyridine N-oxides in various sol- 
vents. 

In each of these substances we obtained a 
weak absorption at about 330 my and a strong 
absorption at about 290 my. The weak ab- 
sorption is regarded as due to the n--z™* elec- 
tronic transition, considering the solvent effect 
and the oscillator strength. 


Experimental 


4-Chloro- and bromo-pyridine N-oxides used in 
this experiment were prepared by the method 
described by Ochiai*? and purified by recrystalli- 
sation from acetone several times. Melting points 
of 4-chloro- and bromo-pyridine N-oxides were 
169.5°C and 143.5°C, respectively. 

The solvents used were carbon tetrachloride, 
ethanol and water, which were purified by the 

1) M. Ito and N. Hata, This Bulletin, 28, 260 (1955). 

2) E. Ochiai, J. Org. Chem., 18, 534 (1953). 


methods described in ‘‘ Organic Solvents’’*. Th 
spectra were measured with a Shimadzu Quartz 
Spectrophotometer Model QB-50, using a fused 
quartz cell of lcm. thickness. Measurements 
were limited to the region of wave-length shorter 
than 390 mz. 


Results and Discussion 


Figs. 1 and 2 show the absorption curves 
of 4-chloro- and bromo-pyridine N-oxides, re- 
spectively, in various solvents. In the case 
of carbon tetrachloride solution, it appears 
that there are two absorption regions between 
26000 cm-', and 44000 cm-', one of which is 
the weak absorption at about 30000 cm (re- 
ferred to as Transition I) and the other the 
strong absorption at about 34000 cm (Transi- 
tion II). When either ethanol or water is 
used as the solvent, the Transition I is not 
observed and the absorption maximum of the 
Transition II is remarkably shifted toward 
the shorter wave-length. 

Even in water solution, however, the spec- 
trum of 4-bromopyridine N-oxide shows a 
weak absorption at about 32,000cm-. This 
weak absorption may be due to another 
transition different from the Transition I 
mentioned above, and the Transition I ob- 


3, A. Weissberger and E. Proskauer, ‘‘ Organic Sol 


vents "’, Oxford (1935). 
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extinction x 10™! 


Molar 


Fc ee a a ry 
Wave number x 107% 
Fig. 1. Absorption curve of 4-chloropy- 
ridine N-oxide. 
Carbon tetrachloride solution 
Ethanol solution 
Water solution 


x 
Ss 
> 
Y 
& 
= 
v1 
Y 
~ 
a 


Wave number ~x 107% 
Fig. 2. Absorption curve of 4-bromopy- 
ridine N-oxide. 
Carbon tetrachloride solution 
Ethanol solution 
-~- Water solution 
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the pyridine ring and the other remains as a 
non-bonding pair just as in the pyridine N- 
oxide molecule. According to our previous 
interpretation for pyridine N-oxide, the longer- 
wave weak absorption is ascribed to the 
transition of one of the oxygen non-bonding 
electrons to the lowest unoccupied orbitals 
n-7™* transition), while the shorter-wave strong 
absorption is ascribed to the z-z* transition, 
from the consideration of the solvent effect, 
the oscillator strength and the features in 
the vapor spectrum. 

4-Chloro- and bromo-pyridine N-oxides may 
also have the weak n-z* and the strong z-z* 
transiticn. From the curves of Figs. 1 and 
2, we see that the weak absorption (Transi- 
tion I) completely disappears in ethanol or 
water solution.? 

The disappearance of the Transition I in 
the ethanol and water solutions shows that 
it is due to the n-zx* electronic transition, 
since with these solvents of proton-donor 
character the oxygen non-bonding electron 
is largely stabilized in energy as a result of 
hydrogen bond formation. 

The strong Transition II (z-z* electronic 
transition) is remarkably shifted toward the 
shorter wave-length in ethanol and water 
solutions compared with carbon tetrachloride 
solution. These shifts are caused by the 
perturbation due to the hydrogen bond for- 
mation with ethanol or water. The absorp- 
tion maxima and the molar extinction coef- 
ficients of Transition II of 4-chloro- and 
bromo-pyridine N-oxides in various solvents 
are given in Table I, together with that of 
the pyridine N-oxide. 


TABLE | 


ABSORPTION MAXIMA AND MOLAR EXTINCTION OF z~-7= 


Carbon 
tetrachloride 
Compound Las, Guan, X20 


Solvent 


281 0.97 
289 


29] 


served in carbon tetrachloride solution 
also overlap with this third transition. 

The nature of spectra of these compounds 
may be explained in the same way as that 
of pyridine N-oxide reported by Ito and Hata”. 

4-Chloro or bromo-pyridine N-oxides molec- 
ules have two pairs of 2 non-bonding elec- 
trons on the oxygen atom, one of which is 
in conjugation with the z-electron system of 


may 


' However, 4-bromopyridine N-oxide has another ab 


sorption near 32000cm~! as previously stated, even in 


ABSORPTION (TRANSITION II) 


Ethanol Water 


Emax. * 10-4 Amax. Emax. 10-4 
99 


54 


64 


Next, in order to estimate the extent of 
contributions to the absorption by the m-z* 
and z-z* transitions respectively, peak an- 
was made for carbon tetrachloride 
solution, and the oscillator strengths of the 
n-x* and z-x* transitions were calculated 

following equation”, as for the 
N-oxide reported in our previous 


alysis 


from the 
pyridine 
paper’’, 


the water and ethanol solution. 
4 H.P. Stephenson, J. Chem. Phys., 23 
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f =4.32 x 10"Jedv. 


Figs. 3 and 4 represent the peak analysis 
of the absorption curves of 4-chloro-and 
bromo-pyridine N-oxides, respectively. For 4- 
bromopyridine N-oxide, the z-z* curve is ex- 
tended in the exponential manner as the con- 
tinuation of the normal absorption in the 
region where Transition I and the unknown 
transition mentioned above are not appre- 


ciable. The numerical results are given in 

16 

» 

f 

— 421 

x 

4 

o 10 

2 05 

77 OF 

Ye 

ary 

i / 

oe .. / 

a \ | 
\i« \. : 
BB 2 2PnRS HH PR © 

Wave number x 107 
Fig. 3. Peak analysis of the absorption 


of 4-chloropyridine N-oxide in carbon 
tetrachloride solution. 
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Wave number x 107 
Fig. 4. Peak analysis of the absorption 
of 4-bromopyridine N-oxide in carbon 
tetrachloride solution. 
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Table II. As seen in this table, the ratios 
of oscillator strengths of n-z* and z-z* transi- 
tions are in the order of 10~ for 4-chloro- 
and bromo-pyridine N-oxides, as well as for the 
pyridine and pyridine N-oxide. This also 
supports our assignment of the mz-z* and 
m-z* electronic transitions assumed in this 
paper. 
TABLE II 
OSCILLATOR STRENGTH OF n—z* AND 
z—zx* TRANSITIONS 





Compound fn—n* fren® fn—n*/fren* 
cl-<__ YN +O 0.0059 0.205 0.029 
Br—- SN >O _ 0.0063 0.249 0.025 

 SN-+OD 0.012 0.173 0.079 
SNO 0.003 0.041 0.073 


Summary 


The solution spectra of 4-chloro- and bromo 
pyridine N-oxides were measured in various 
solvents, in each of which were observed two 
absorption regions, one weak and the other 
strong. 

The weak one was assigned to the transi- 
tion involving the excitation of an oxygen 
non-bonding electron and the strong one to 
the transition involving the excitation of a 
z-electron. 

In conclusion the author wishes to express 
his hearty thanks to Prof. S. Imanishi of 
Kyushu University for his kind guidance and 
valuable suggestions, and also to Prof. G. 
Kobayashi and Assistant Prof. E. Suenaga 
of Nagasaki University for their helpful 
advice. My thanks are also due to Mr. R. 
Tsuji and Miss. H. Yoshitomi for their as- 
sistance in the course of this work. 


Facuity of Pharmacy, Nagasaki 
University, Nagasaki 
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Synthesis of Polycysteine 


Synthesis of Polycysteine 


By Shumpei SAKAKIBARA and Hisaya TAnI 


(Received August 23, 1955) 


Recently, poly-S-benzylcysteine has been 
synthesized’ for the purpose of preparing 
polycysteine, which is a basic material to 
investigate the unique role of cysteine re- 
sidues in natural proteins, but the reduction 
of it into polycysteine was unsuccessful 
because of its insolubility in liquid ammonia. 
So other protecting groups for sulfhydryl 
group were desired. Katchalski and Berger® 
published a short communication on the 
synthesis of polycysteine, which was prepared 
from poly-S-carbobenzoxycysteine by reducing 
it with sodium in liquid ammonia, but the 
details have not been reported. Jones and 
Lundgren® have prepared polycystine and 
their result that it was soluble in 2-mercapto- 
ethanol in spite of its three dimensional 
structure suggested that polycysteine might 
have been formed in that solution. However, 
the polymerization degree of its polypeptide 
chain was 30 low that this route may not 
be suitable to synthesize the higher molecular 
weight polycysteine. 

In the present paper S-thiophenyl-L-cysteine 
(I) was synthesized for a starting material, 

and polycysteine (III) was obtained by heat- 
ing the solution of N-carboxyanhydride (II) 
of this amino acid (I) in ethyl thioglycolate, 


HS—CH.—CH—COOH CeH,—SCl 
| 
NH,-HCl 


in alcohol 


COCl2 





>C;H;—SS —CH, —CH -CO\. ( 
l O 
NH—CO/ 


in dioxane 


C,H; —SS—CH,—CH —CO\ G5 (II 
! ) 


NH—CO/ 
HS—CH,—CH—CO—S- 
NH. 
/CO—NH, 
HS—CH, —CHC »>CH—CHz 
NH—CO 


1 H. Tani, H. Yoiki, and S. Sakakibara, Se ni Kagaku 
Kenkyusho Nenpo (Mem. Inst. Fiber Research), 7, 100 
1953). 
2) E.R. Blakley, A.K. Sumner, and E.Y. Spencer, Can. 
/ J. Technol., 30, 258 (1952); cf. C.A., 47, 9264 (1953). 
3) E.Katchalski and A. Berger, Bull. Research Council 
of Israel, 2, 314 (1952). 
H.W. Jones and H.P. Lundgren, J. Am. Chem. Soc., 


4 
73, 5465 (1951). 





<! .C;H;—SS—CH,—CH—COOH 


where the polymerization and the reduction 
occurred simultaneously; on the other hand, 
the reduction of poly-S-thiophenylcysteine, 
which was prepared quantitatively by heating 
the solution of the anhydride (II) in pyridine 
or nitrobenzene, was unsuccessful for the 
same reason as in the case of poly-S-benzyl- 
cysteine. The synthetic route was as follows: 

The synthesis of the compound (I) from 
benzenesulfenyl chloride and L-cysteine was 
carried out at first in the cold aqueous solu- 
tion under the usual condition of the Schotten- 
Bauman reaction, but the yield was only less 
than 30% because of the hydrolysis of the 
reagent. After several trials, it was found 
that absolute ethanol was an_ excellent 
solvent in this case. In the presence of 
sodium bicarbonate, benzenesulfenyl chloride 
reacted smoothly with L-cysteine hydrochlo- 
ride in an alcoholic solution and the compound 
(I) was obtained in a very good yield. This 
‘substance (I) involved a disulfide linkage and 
could be reduced easily into L-cysteine by 
simple reactants, for example, by tin and 
hydrochloric acid or by excess mercaptane 
through the disulfide-sulfhydryl equilibrium. 
As the disulfide linkage in this substance 
was unsymmetrical unlike in cystine, it was 


(I) 
NH, 
Db ima UT «oD 
giycolate CH, -SH Te 
+HS ~CH, —COOC;H; —> 
—CH, ~COOC-H; (V) = 
-SH (IV) +H--NH—CH—CO--OH (III) 


CH, —SH n 


comparatively unstable towards mineral acids 
or caustic alkalis; when it was dissolved in 
a cold aqueous solution of more than 1N 
sodium hydroxide or boiling hydrochloric acid, 
decomposition occurred gradually and in the 
case of the latter L-cystine and diphenyldi- 
sulfide were formed. This phenomenon was 
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observed also in glacial acetic acid contain- 
ing dry hydrogen chloride. The specific 
rotation of L-cystine formed in this way was 
compared with that of L-cystine used as a 
starting material, and then it was confirmed 
that no racemization occurred in this syn- 
thetic route. N-Benzoyl derivative and ethyl 
ester hydrochloride of the compound (I) were 
prepared, respectively. From these results 
it may be expected that it will serve as a 
useful material for the synthesis of simple 
peptides containing cysteine. 

N-Carboxy-S-thiophenyl-L-cysteine anhyd- 
ride (II) was prepared by the usual method 
from the compound (I) and phosgen. By 
heating the anhydride (II) in ethyl thiogly- 
colate, a white amorphous substance (IIIa) 
was precipitated. 

The infrared spectrum of this substance 
had three absorption bands, 3050, 3190, and 
3285 cm~', within the amide NH stretching 
frequency region; one of which, 3190cm™, 
corresponded to the band of cis-hydrogen 
bonds formed between two amide linkages, 
suggesting the presence of diketopiperazine- 
type compounds”. After extraction of this 
substance with thioglycolic acid and methanol 
in order to remove any soluble matter, this 
band, 3190cm™', completely vanished in the 
spectrum of the insoluble substance (III b), 
and a band at 2545cm™', indicating the 
presence of the sulfhydryl-group, remained 
(Fig. 1). From the fact that the substance 
(III b) displayed two major absorption bands 
in the spectrum at 1520 and 1635cm~ and 
very small bands at 1540 and 1670 cm™ within 
the C=O stretching and amide NH deforma- 


100 


a] 
S 


Transmission 


% 


800 1000 120¢ 140¢ 1600 


Transmission 








2500 3000 3500 


Wave-number cm™! 


Fig. 1. Infrared spectra of IIIa(A), IIIb(B), 
and IV(C). Nujol suspension. Adam- 
lilger H-800 double beam system. 


substance (III b) was mainly in the §-keratin- 
type (Fig. 2). Absorption bands due to the 
thiophenyl group were not detected at all in 
this spectrum by comparison with that of 
poly-S-thiophenylcysteine and also no absorp- 
tion bands due to ethyl thioglycolate were 
observed. 

This substance was insoluble in usual 
organic solvents except ethanolamine and 
soluble in aqueous alkali but its alkaline 





1800 2000 2500 3000 »§=— 3500) = 40090 


Wave-number cm! 


9 


Fig. 2. Infrared spectrum of polycysteine (IIIb): Nujol suspension. Adam-Hilger 


H-800 double beam system. 


tion frequency regions, it was suggested, 
according to Ambrose and Elliott®, that the 
conformation of polypeptide chain in the 


5) M. Tsuboi, This Bulletin, 22, 255 (1949). 

6 E.J. Ambrose and A. Elliott, Proceed. Roy. Soc., 
A205, 47 (1951); cf. S. Mizushima and S. Akabori, 
‘*Chemistry of Proteins’, Kyoritsu Shuppan Co. Ltd., 
Tokyo, Japan (1954), p 455-479. 


solution decomposed gradually under evolu- 
tion of hydrogen sulfide at room temperature. 
The nitroprusside test was extremely positive; 
the brown copper salt was formed under the 
condition of the biuret reaction and its 
mother liquor was brownish violet; the picric 
acid test for diketopiperazine was negative. 
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The ammoniacal solution of this material was 
coagulated oxidatively to form gel on treat- 
ment with iodine. It displayed an amorphous 
X-ray diffraction pattern and the average 
polymerization degree calculated from the 
ratio of total nitrogen and amino nitrogen 
was 36. 

The substance (IV) extracted from the 
polymer (IIIa) by thioglycolic acid and 
methanol was obtained as colourless fine 
prisms; its chemical properties have all been 
identified with those of cysteinyl-cysteine 
anhydride described by Greenstein’ and its 
infrared spectrum has agreed with that of 
glycine anhydride, except the bands due to 
the presence of the mercaptomethyl] group. 

From these results, it may be concluded 
that the thioester of cysteine (V), formed 
from the anhydride (II) and ethyl thiogly- 
colate, should take a part in the condensation 
reaction in parallel with the ordinary poly- 
merization reaction of the anhydride (II)*. 


Experimental 

S-Thiophenyl-l-cysteine (I).—Benzenesulfenyl 
chloride was prepared from 5g. of thiophenol 
according to the method of Lecher®, and, after 
removal of the reaction solvent, it was used as 
the solution of its residual syrup in 30 ml. of ether. 
A solution ci 6.2g. of L-cysteine hydrochloride 
in 120ml. of absolute ethanol was cooled at 0°C, 
3.8g. of powdered sodium bicarbonate was added 
in one portion and into the whole mixture was 
dropped the chloride solution under stirring. 
After the complete addition of the reagent, the 
reaction mixture was allowed to stand at room 
temperature and sodium chloride was removed 
by filtration. After the addition of 5ml. of py- 
ridine into the filtrate, the fine precipitate was 
centrifuged, washed well with alcohol and dried; 
wt. 8.6g.. After recrystallization from 0.5N 
hydrochloric acid, 8.1 g. (889) of colourless plates 
was obtained; m.p. 192° (decomp.), [a]j,-78.3° (c 
0.38, IN HCl). Anal. Found: C, 47.43; H, 4.64:N, 6.19; 
S, 27.4. Caled. for CgHO2NS2: C, 47.14; H, 
1.84; N, 6.12; S, 27.9%. The solubility of this 
substance in water was about 50 mg./100 ml. at 
17°C and increased about three times at 100°C. 
Paper chromatography showed this amino acid 
to have an Rf value of 0.69 in n-butanol: water: 
acetic acid (4:1: 1). 

Decomposition of (I) by GN hydrochloric acid. 
—The solution of 0.5 g. of (I) in 20 ml. of 6N hydro- 
chloric acid was boiled for about thirty minutes, 
cooled to room temperature and the crystalline 
diphenyldisulfide was filtered off. This was sepa- 
rated out as light oil and crystallized after cool- 
ing ; the yield of recrystallized needles was 230mg., 

7) Jj.S. Greenstein, J. Biol _Chem., 118, 321 (1937). 
8) Th. Wieland und W. Schafer, Angew. Chem., 63, 
146 (1951); cf. Th. Wieland, Angew. Chem., 66, 510 

1954). 


re) H. Lecher und F. Holschneider, Ber., 57, 757 
1924). 
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m.p. 60-61°, undepressed on admixture with an 
authentic sample. The filtrate was treated with 
charcoal and neutralized at pH 3 with aqueous 
sodium acetate; 220mg. (84%) of L-cystine was 


obtained; [@]}j-233° (c 0.85 1N HCl); cf. original 


L-cystine [a]}j-233° (c 2.0 1N HCl). 


Decomposition of (I) by dry hydrogen chloride 
in glacial acetic acid.—A suspension of 0.5g. of 
(I) in 50ml. of glacial acetic acid was heated at 
60°C and dry hydrogen chloride was introduced 
for about thirty minutes; (I) was dissolved gradu- 
ally within about ten minutes and then another 
crystalline precipitate was separated; this was 
filtered off after cooling. The filtrate was con- 
centrated to dryness under reduced pressure, 
washed with petroleum ether, then some second 
crop was obtained. The total crop was 350 mg. 


1G+h_ 926 


in the form of L-cystine hydrochloride ;[a]";,’-232 


(c 0.85 1N HCl) (after recrystallization from 0.3 
N HCl). 

N-Benzopl-S-thiophenyI-L-cysteine.—A __ solu- 
tion of 1g. of (I) in 90 ml. of 0.05N sodium hydroxide 
was cooled at 0°-—5°C, into the solution was added 
0.73g. of benzoyl chloride, and 43.5 ml. of 0.1N 
sodium hydroxide was added in portions under 
stirring. After thirty minutes the reaction mix- 
ture was slightly acidified with hydrochloric acid, 
and the crystallized crude product was filtered 
off. This substance was dissolved in sodium 
bicarbonate solution, an insoluble matter, which 


* was unchanged (I), wt. 0.5g., was filtered off and 


the filtrate was extracted with ether and then 
slightly acidified by the addition of 6N hydrochlcric 
acid; the N-benzoyl derivative of (I) was crystal- 
lized in fine needles, wt. 0.7g.; m. p. 154-5 
(after recrystallization from either 50% ethanol 
or benzene), [a]'};>-232° (c 1.0 ethanol). The yield 
based on reacted (I) was quantitative. Anal. Found: 
N, 4.16; S, 19.3. Calcd. for CigH;;0;NS2: N, 4.21; 
S, 19.2%. 

N-Carboxy-S-thiophyenyI-L-cysteine anhy- 
dride (II).—Dry phosgen was introduced into a 
suspension of 2g. of finely powdered (I) in 80 ml, 
of dioxane at 40°C until the solid matter disap- 
peared. After concentration to dryness under 
reduced pressure, the residual syrup was cry- 
stallized at 50°C in vacuo. N-carboxy anhydride 
was obtained as colourless plates after recrystalli- 
zation from ethyl acetate and petroleum ether; 
wt. 1.2g., m.p. 117-9°; a second crop was 0.7 ¢., 
total yield 85%. Anal. Found: N, 5.32. Calcd. 
for CypH9O;NS2: N, 5.50%. 

Ethyl S-thiophenyl-l-cysteinate hydrochl- 
oride.—A solution of 0.5g. of (II) in 50ml. of 
ethanol containing 0.55 g. of dry hydrogen chloride 
was allowed to stand over night at room tem- 
perature. Removal of ethanol left a _ viscous 
syrup, which was crystallized by the addition of 
some ether; slightly coloured needles 0.57 g¢., 
m.p. 130-131. 5° (after recrystallization from either 


ethylacetate or benzene); (a)'};°—43.6°C (c 0.87 


ethanol). Anal. Found: N, 4.58. Calcd. for C,,HjO2N 
S.Cl: N, 4.77%. 
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Ethyl thioglycolate.—The procedure of Fies- 
selmann and Schipprak™ for methyl] thioglycolate 
was followed. A mixture of 34g. of thioglycolic 
acid, 60 ml. of ethanol, 60 ml. of chloroform, and 
4g. of conc. sulfuric acid was placed in a flask 
of the Soxhlet extraction apparatus and about 
three quarters of the thimble was filled with 
freshly dehydrated magnesium sulfate. After re- 
fluxing for fifteen hours, the solution was washed 
with water, dried over anhydrous sodium sulfate 
and fractionally distilled; 39g. of ethyl thiogly- 
colate boiling between 68°/30 mm.-64°/21 mm. was 
obtained. 

Polymerization of N-carboxy-S-thiophenyl-L- 
cysteine anhydride.—A solution of 1g. of (II) in 
10 ml. of ethyl thioglycolate was sealed in a glass 
tube and heated for about five hours on a boiling 
water bath, where a white amorphous substance 
was precipitated spontaneously. The reaction 
mixture was allowed to cool; it was filtered after 
adding enough ethyl acetate and washed well with 
the same solvent, then the precipitate was sus- 
pended in 5ml. of thioglycolic acid at 30-40°C for 
about thirty minutes. After adding enough me- 
thanol, the precipitate was filtered and washed 
well with the same solvent, 227 mg. (50% based 
on II) of white amorphous powder (III) was ob- 
tained after drying over phosphorus pentoxide in 
vacuo at room temperature for thirty minutes. 
Although this polymer diminished its weight 7% 
more by complete dryness, it was stored for any 
uses as it was, because after complete drying it 
might become insoluble, and then the weight was 
corrected in every analysis. Anal. Found: C, 35.1; 
H,4.64; N, 13.2; S, 31.2; amino-N, 0.367; SHa, 26.9; 
SHb, 30.1. Calcd. for (C;H;0NS)n: C, 34.9; H, 
1.88; N, 13.6; S, 31.1; SH, 32.0%. The analytical 
procedures for the sulfhydryl group used here 
were the p-chloromercuribenzoate method!) and 
the iodoacetic acid method®. In the former the 

10) Fiesselmann und Schipprak, Ber., 87, 839 (1954). 


11) R.E. Feeney, L.R. Mac Donnell and R.S. Silva, 
Arch. Biochem. Biophys., 32, 288 (1951). 
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sample was reacted with p-chloromercuri-benzoate 
in 0.1N sodium hydroxide for twenty minutes, 
pH 5.2 acetate buffer solution was added and 
titrated with standardized cysteine solution (SHa). 
In the latter the sample was mixed with excess 
iodoacetic acid. and, after addition of 0.2 N sodium 
hydroxide, was allowed to stand at room tem- 
perature for thirty minutes, then the liberated 
iodide ion was titrated by the Volhard method 
(SHb). The filtered solution of thioglycolic acid 
and methanol was concentrated under reduced 
pressure and white powder was precipitated with 
ether; wt. 100mg., m.p. 195-200° (after recry- 
stallization from water). This substance was easily 
soluble in pyridine and thioglycolic acid, soluble 
in ethanol, methanol, and water; the nitroprusside 
and picric acid tests were positive respectively. 


Summary 


The synthesis of polycysteine via S-thio- 
phenyl-.-cysteine was described. S-thiopheny]l- 
L-cysteine was prepared from benzenesulfenyl 
chloride and L-cysteine hydrochloride in ab- 
solute alcohol and its chemical properties 
were studied. This amino acid was poly- 
merized by the N-carboxy anhydride method 
in ethyl thioglycolate containing an active 
sulfhydryl group, and it was confirmed by 
the studies of infrared spectra of these 
substances that the resultant polymer was 
polycysteine contaminated with diketopipera- 
zine. Pure polycysteine was isolated by 
treating this polymer with thioglycolic acid 
and methanol. The benzoyl derivative and 
ethylester hydrochloride of S-thiophenyl-L- 
cysteine were prepared. 


Department of Chemistry, Faculty of 
Science, Osaka University 
Osaka 


Studies on the Synthesis of Massoi-lactone and its Homologues. Part II. 
Synthesis of Nonyn-1-ol-4-carboxylic acid-1-lactone (Massoi-lactone) 


By Shigehiro ABe and Kikumasa Sato 


(Received August 23, 1955) 


The main component of the essential oil 
of Massooi, the bark of Massoia aromatica 
Becc., is a lactone”. S. Abe named it “ Mas- 
soi-lactone” and proposed its_ structural 
formula”. 


1 S. Abe, J. Chem. Soc. Japan, 58, 246-248 (1937): 
733-738 (1937). 


CHCH.CHCH,CH=CH 
| 


CH;CHe Oo —¢o 


Afterwards, a part of this formula, outside 
the lactone ring was revised by Th. Meijer’ 


2) Th. Meijer, Rec. trav. chim., 59, 191-201 (1940. 
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to be a straight chain. S. Abe and K. Sato” 
also confirmed the new structure. Simul- 
taneously, we undertook to synthesize Mas- 
soi-lactone and its homologues and prepared 
decene-1-ol-4-carboxylic acid-l-lactone”, hav- 
ing one more methyene group than real 
Massoi-lactone has. 


CH,(CH,),CHCH.CH =CH 
O co 


The Massoi-lactone was prepared in the 
same way. mz-Nonyn-1-ol-4 (I) was obtained 
by the Reformatskys reaction from n-hexanal 
and propargyl bromide as a colorless liquid, 
b. p. 72-73°/6mm. The etherial solution of 
this alcohol was added to 2 moles of ethyl 
magnesium bromide, forming a magnesium 
compound(II), accompanied with an evolution 
of ethylene. 

The mixture of this magnesium compound 
and excess of dry ice was shaken for twenty- 
four hr. in an autoclave under 20 atm. at room 
temperature. After decomposing the content 
with dilute solfuric acid, m-nonyn-1-ol-4- 
carboxylic acid(III) thus formed was extract- 
ed with ether and isolated. 


CH,(CH2),CHO + BrCH,C = CH zn 


ss 


CH,(CH.),CHCH,C = CMgBr 
| 
OMgBr 


COxe(solid 


(II) 


| 
o—————Co 


The methanol solution of this acid was 
partially hydrogenated with hydrogen at 
room temperature in the presence of Pd- 
BaSO, (5% Pd). After removing the solvent 
and distilling under reduced pressure, n- 
nonene-1-ol-4-carboxylic acid-l-lactone (Mas- 
soi-lactone) (IV) was obtained as a colorless, 
fragrant smeling liquid, b.p. 147-149°/8mm, 


*) = 0.9787, n73= 1.4669. 


Experimental 


Propargyl bromide.—Propargyl bromide was 
prepared from propargyl alcohol and phosphorus 
tribromide according to the method by A. Kir- 


rmann®. b.p. 81-83°. d??=1.5970, n}j=1.4952, yield 


75.8%. 


3) S. Abe and K. Sato, J. Chem. Soc. Japan, 75, 952- 
953 (1954). 

4) S. Abe and K. Sato, J. Chem. Soc. Japan, 75, 953- 
955 (1954). 

5) A. Kirrmann, Bull. soc. chim., 39, 698 (1926). 
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Nonyn-1-ol-4 (I).—Into a three necked flask 
equipped with a reflux condenser, a dropping 
funnel and an air tight stirrer, 30g. of activated 
zinc powder and 60g. of dry benzene were put 
and heated to boiling on a water bath. A mixture 
of 45g. of n-hexanal, 45g. of propargyl bromide 
and 90g. of ether was added drop by drop from 
the dropping funnel while the liquid was kept at 
gentle boiling, so as to avoid adding too much of 
the mixture at a time until reaction started. 
After the whole mixture was added, the content 
of the flask was refluxed for further 1.5 hr. The 
reaction mass was cooled and decomposed with 
270 cc. of 10% acetic acid. The lower acqueous 
layer was extracted with ether. The upper 
benzene-ether layer and the extract were put in 
together, washed with a saturated solution of 
sodium bicarbonate, dehydrated over anhydrous 
sodium sulfate. After removing the solvent and 
distilling in vacuo, nonyn-l-ol-4 was obtained as 


a colorless liquid. b.p. 72-73°/6mm, d”?=0. 8682, 
ni =1.4480, yield 25g. 47.2%. M.R., Obs.: 43.24, 


Calcd.: 43.29. 
Anal. Found: C, 76.65; H, 11.29. Calcd. for 
CoH,gO: C, 77.14; H, 11.42%. 
Nonyn-1-ol-4-carboxylic acid-1.—To the Grig- 
nard’s reagent prepared from 6g. of magnesium 
and 17g. of ethyl bromide, a mixture of nonyn- 
l-ol-4 and 60cc. of benzene was added drop by 


CH;(CH2),CHCH2C - CH : 2C2HsMgBr 


OH 
(I) 


CH;(CH2),;CHCH2C = CCOOH x, 
> 1 —_— > 


OH Pd-BaSOs4 
(IIT) 


drop. After ethylene ceased to evolve, the whole 
content was put in an autoclave together with 
100g. of dry ice and shaken for twenty-four hr. 
at room temperature. The pressure gauge indi- 
cated 20 atm. 

The reaction mass was decomposed with 86cc. 
of 15% sulfuric acid and crushed ice. The layers 
were separated. The lower acqueous layer was 
extracted with ether. The upper benzene-ether 
layer and the extract were put together and 
extracted twice with a saturated acqueous solution 
of sodium bicarbonate. To the alkalline extract, 
15% sulfuric acid was added until no oily sub- 
stance separated. The oil was extracted with 
ether. After dehydrating over anhydrous sodium 
sulfate and removing the solvent, a colourless 
and viscous acidic liquid was obtained. It soli- 
difies on cooling with dry ice but melted at room 
temperature. Yield 10.0g. 44.8%. Molecular 
weight (by titration), Found: 186.6, Calcd. for 
CioHiOz: 184.2. From the benzene-ether layer 
3g. of unreacted nonyn-l-ol-4 was recovered. 

Nonene-1-ol-4-carboxylic acid-1-lactone.— 
Six grams of nonyn-l-ol-4-carboxylic acid-1 was 
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dissolved in 60cc. of methanol, and after adding 
2g. of Pd-BaSo, (5% Pd). was partially hydro- 
genated with 0.661. of hydrogen (90% of the theo- 
retical amount) at room temperature with constant 
shaking. After filtering off the catalyser and 
removing the solvent in vacuo, 50cc. of benzene 
was added to the residue and the solvent was 
removed again in vacuo. Finally the residue was 
distilled in vacu. Nonene-1l-ol-4-carboxylic acid- 
l-lactone was obtained as a colorless liquid, b.p. 
147-149°/8mm. Yield 3.4g. (70%). d?=0.9787. nf 
=1.4669. M.R., Obs.: 47.75, Caled.: 47.37. 

Anal. Found: C, 71.18; H, 9.60. Caled. for 
CoH Oz: C. Tie: HH, 9.60%. 


Summary 


The Massoi-lactone (nonyn-1-ol-4-carboxylic 
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acid-l-lactone), the main component of the 
essential oil of Massoi-bark was synthesized 
from n-hexanal and propargyl bromide. 


A part of the cost of this study has been 
defrayed from the Scientific Research Ex- 
penditure of the Ministry of Education. 
Tue authors wish to express their sincere 
thanks to Mr. S. Kikuchi for his help during 
the course of this experiment. 


Department of Chemical Industry, 
Faculty of Engineering, Yokohama 
National University, Yokohama 


The Monolayer of Di- and Tri-carboxylic Fatty Acids 


By Hiroshi Hotta and Toshizo ISEMURA 


(Received June 20, 1955) 


Even though tremendous efforts have been 
devoted to the study of surface films of oily 
substances, since the development of surface 
chemistry, most investigations contributed to 
the study of monolayer of monocarboxylic 
fatty acids and their derivatives. The know- 
ledge of the monolayer on aliphatic polycar- 
boxylic acids is relatively insufficient at pre- 
sent. When we had studied the monolayer of 
polymethacrylic acid previously’, we were 
obliged to refer to the information concerning 
the monolayer of monocarboxylic fatty acid to 
elucidate the result obtained. Now that we 
could fortunately get the sample of some 
pely-carboxylic acids, we studied their mono- 
layer in the present investigation. Among 
those acids, the property of potassium alkyl 
malonates in aqueous solution was already 
reported elsewhere by Shinoda”. 


Experimental 
Materials used principally in the present inves- 
tigation are hexadecane-1, 1,2-tricarboxylic acid, 
CH;-(CH2)),;CH CH-COOH 
| | 
COOH COOH 
ated to C,,(COOH); hereafter), octadecy malonic 
CH;-(CHz);~-CH-COOH 
COOH 
w'-dicarboxylic acid), and stearic acid. The 
first two acids were kindly supplied by Mr. K. 


(which is abbrevi- 


acid ), Japanic acid (a, 


1) T. Isemura, H. Hotta and S. Otsuka, This Bulletin, 
27, 93 (1954); H. Hotta, ibid., 27, 412 (1954). 
2) K. Shinoda, J. Phys. Chem., 59, 432 (1955). 


Shinoda of Yokohama National University and the 
others by Prof. N. Hirao of Kinki University. 

The films of these acids were spread from 
dimethylformamide solution at the air/ and petro- 
leum ether (b.p. 90-130°C)/aqueous phase inter- 
faces. The substrate contained 0.01 N hydro- 
chloric acid unless otherwise stated. Petroleum 
ether is called simply oil hereafter. Their inter- 
facial pressure was measured at room temperature 
(about 10°C) by a hanging plate method at the 
air/water interface and by a ring method at the 
oil/water interface, respectively, as in the previous 
papers). 


Results and Discussion 


A. Interfacial Pressure at the Oil/Wa- 
ter Interface.—The interfacial pressure of 
C,,(COOH); and octadecyl malonic acid at 
the oil/0.01 N hydrochloric acid aqueous phase 
interface is shown in Fig. 1. The observed 
value at the higher pressure region was 
somewhat varied due to partial dissolution 
into mediums. The result at the oil/distilled 
water interface was almost identical to the 
above result at the lower pressure region, 
but was more compressible under the higher 
pressure because the film is more soluble in 
this case. 

When the product of interfacial pressure 
(x) and area per molecule (A) in Fig. 1 is 
plotted against z, the curves in Fig. 2 are 
obtained. The extrapolated values of zA to 
zero pressure are almost equal to kT. Gen- 
erally, there is a fall of zA-z curve at the 
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Fig. 1. The interfacial pressure at the 
petroleum ether/0.01N HCl aqueous 
phase interface. 


lower pressure region at the air/water inter- 
face due to some lateral adhesion between 
molecules®. On the other hand, there is no 
such fall at the oil/water interface as in the 
present result, since the molecules are free 
from such adhesion. For comparison, the 
curve of diethyl-», w’-decane dicarboxylate, 
C.H;-OOC(CH:),»COO-C.H, at the air/water 
interface by Adam and Jessop® is shown in 
Fig. 2. 


10-5 erg per molecule 





Dynes per cm. 
The product of interfacial pres- 
sure and area per molecule plotted 
against interfacial pressure ; 


Fig. 2. 


Curve a, CH;(CHy»));;-CH CH-COOH 
| 1 
COOH COOH 
at the oil/water interface ; 
Curve b, CH:;(CHe2);7-CH 
| 
COOH 
oil/water interface; 


COOH at the 


Curve c, CsH;,-OOC(CH:2)pCOO-C.H; at 
the air/water interface quoted from 
Ref. 5. 

3 N.K. Adam, ‘‘ The Physics and Chemistry of Sur- 


faces’’ (1941), pp. 41. 

4 H. Hotta, J. Colloid Sci., 9, 504 (1954). 

5 Adam and Jessop, Proc. Roy. Soc. (London), A112, 
376 (1926). 
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TABLE I 
THE MEAN VALUE OF (zA)z-9 AT THE 
PETROLEUM ETHER/0.01N HCl AQUEOUS 
PHASE INTERFACE IN 107 ERG PER 
MOLECULE 
Spreading solvent 


Fatty acid 


Dimethl- Benzene 
formamide Ether (9/1) 
CH;(CHa)13 
-CH CH-COOH ae 
{ ! 395 —a) 
COOH COOH 
Octadecyl malonic acid 385 380 
Japanic acid 230 130 
Stearic acid 80 0 


a) Insoluble in this solvent. 


On the other hand, Japanic acid and stearic 
acid could not be spread perfectly at the 
oil/water interface, for their extrapolated 
values of zA to zero pressure were varied 
and smaller than kT. The values of zA of 
the films spread from the solution in benzene 
and ether mixture (9/1) were notably smaller 
than those from dimethylformamide solution. 
Their mean values are also shown in Table 
I. This table shows that the more hydro- 
philic materials, spread from more _ polar 
solvent gives the value nearer to kT. The 
first dissociation constant of malonic acid (10~*) 


is far greater than that of w, w’-dicarboxylic 


fatty acid (10-°) due to internal hydrogen 
bonding». The imperfect spreading of those 
acids has not been improved by the addition 
of potassium chloride or calcium chloride 
besides hydrochloric acid to substrate. It is 
concluded from these facts that the part of 
spreading molecules, which are dissolved as 
dimer in organic solvent, might be dissolved 
into oil phase without having access to the 
interface. Their spreading at the oil/distilled 
water interface was furthermore imperfect. 

The above facts were examined with their 
homologues, too. 

B. Surface Pressure at the Air/Water In- 
terface.—The surface pressure of C,,(COOH). 
and octadecyl malonic acid at the air/0.01N 
hydrochloric acid aqueous phase interface is 
shown in Fig. 3. Here, it took a very long 
time to attain a constant pressure, when the 
film was compressed beyond a kink point. 
The steep rise of surface pressure was liable 
to occur at this region by a rapid compres- 
sion. These tendencies were more remark- 
able in C,,(COOH), than in octadecyl malonic 
acid. Onthe substrate containing 0.5m potas- 
sium chloride in addition to hydrochloric acid, 
their film could better be compressed up to 
the higher pressure without transition than 


6 L. Pauling, ‘‘The Nature of Chemical Bonds’”’ 
(1938), Chapt. 9. 
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on the substrate without neutral salt, as 
shown by dotted lines in Fig.3. Furthermore, 
the initial surface pressure fell down rapidly 
to an almost constant value beyond the kink 
point, although the value may still be a 
transient one due to the promoted reterda- 
tion of the dissolution of film into substrate 
by the addition of salt. 


ra 


Lad 


Dynes per cm. 


2 per molecule 
Fig. 3. Surface pressure at the air/0.01N 
HCl aqueous phase interface. 
The dotted lines show the result on the 
substrate containing 0.05mM KCl in 
addition to 0.01 N HCl. 


Curve a, CH;(CHg));-CH —CH-COOH ; 


| | 
COOH COOH 
CH;(CH»);7-CH-COOH. 
COOH 


Curve b, 


It is concluded from these facts that the 
molecules at the interface would dissolve 
very slowly into aqueous phase without sur- 
face reorientation. It is perhaps because the 
non-polar tail of moiecules cannot'reorientate 
rapidly as it was compressed owing to the 
larger head group in comparison with its 
tail and therefore the irregular arrangement. 
We had experienced previously that the 
copolymers of vinyl acetate and stearate 
gave results which were not so reproducible 
owing to the difficult reorientation of hetero- 
geneous side chains when compressed”. 

The film of octadecyl malenic acid had been 
already investigated by Adam and Miller 
and discussed by Knight”. Their result is 
almost identical with the result of rapid 
comprission of the present investigation. 
Moreover, there is the study of the film of 
succinic acid derivatives™. The areas at the 

7 T. isemura, H. Hotta and T. Miwa, This Bulletin, 

26, 380 (1953). 

8 Adam and Miller, Proc. 

416 (1933). 

9) Knight, Biochem. J., 24, 257 (1930). 


10 J.-H. Schulman and W.McD. Armstrong, ‘‘ Surface 
Chemistry ” p. 263 (1949). 


Roy. Soc. (London), A142, 


Supplement of Research), 
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kink point or limiting areas in Fig. 3 are 
plausible in the light of the size of head 
group, when we take into account of these 
previous results. There was no essential 
difference between the films of dodecyl and 
octadecyl malonic acids. 

Their films at the air/distilled water inter- 
face were more readily soluble, but not ex- 
panded, although they might be imperfectly 
spread. 

The film of w, w’-hexadecadicarboxylic acid 
has already been reported in a_ previous 
paper'». The film of Japanic acid was also 
dissolved into substrate as it was compressed 
in the same way as above. Again, it is 
because the reorientation of non-polar parts 
occures with difficulty when compressed. 


Conclusion 


At the oil/water interface, 1,1, 2-tricar- 
boxylic and 1,1-dicarboxylic fatty acids are 
easily spread monomolecularly, but , «’-di- 
carboxylic and monocarboxylic fatty acids 
cannot be spread perfectly due to partial 
dissolution into oil phase. It is necessary for 
perfect spreading that the spreading molecule 
have appropriate hydrophilic nature. 

At the air/water interface, monocarboxylic 
fatty acids generally give a perfect film as 
s well-known. The film of 1,1, 2-tricar- 
boxylic and 1,1-dicarboxylic fatty acids is 
unstable and dissolves into substrate above 
a certain surface pressure, while the film of 
w, w’-dicarboxylic fatty acid is dissolved with- 
out any kink point as it is compressed. It 
is concluded from these facts that the good 
arrangement of the non-polar part is necessary 
for perfect surface transfermation. If not 
so, because of the steric hindrance of itself 
or of other part, the film is dissolved into 
medium or collapses with out trans for- 
mation. 


In conclusion, the authors express their 
hearty thanks to prof. N. Hirao of Kinki 
University and Mr. K. Shinoda of Yokohama 
National University who kindly supplied val- 
uable samples to them. 


The Institute of Scientific and Industrial 
Research, Osaka University, Sakai, 
Osaka 


11) H. Hotta and T. Isemura, This Bulletin, 25, 102 


(1952). 
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Some Addition Compounds of Salicylaldehyde-ethylenediimine-copper. I 


By Tsuguo TANAKA 


Among the addition compounds of the 
metal chelates of salicylaldehyde-ethylenedi- 
imine, several are well studied” because of 
their theoretical and practical importance. 
But most of them are the complexes of iron 
and cobalt which can form stable chelates 
not only in square but also in octahedral 
configurations. 

Pfeiffer and others” observed that the 
green crystals of salicylaldehyde-ethylenedi- 
imine-copper gave a purple solution when 
dissolved in chloroform or in glacial acetic 
acid, and a green solution in pyridine. But 
they made no detailed studies about it. 

The author suspected that this hypsochro- 
mic effect in the visible region must be due 
to the formation of the addition compounds, 
and succeeded in isolating some new addition 
compounds of salicylaldehyde-ethylenediimine- 
copper, of which the addition compound was 
hitherto unknown. Although the copper 
complex, crystallized from chloroform solution 
gives green leaflets of the original complex, 
an addition compound of purple needles was 
obtained when the saturated solution of 
salicylaldehyde-ethylenediimine-copper in ace- 
tic acid was concentrated under vacuum at 
room temperature. Further, some addition 
compounds with phenol were also isolated 
in crystalline state. 

The addition compounds, salicylaldehyde- 
ethylenediimine-copper-acetic acid and salicyl- 
aldehyde-ethylenediimine-copper-phenol have 


the formulae CicHi4N20.Cu-C.H,O2 and Cio 


H,,N.O.Cu-C,;H,O respectively. These com- 
pounds return to the original green complex 






(Received May, 6, 1955) 








salt, rather slowly when in contact with 
water and rapidly when in contact with 
alcohols. 


The remarkable colour changes and the 
reversible additions and eliminations of acid 
and phenol must be concerned with the 
central metal copper, and the following three 
possible structures can be considered for 
such addition compounds. 

By analogy (I) is considered to be valid in 
the ordinary addition compounds. But pyri- 
dine, ethyl acetate, anisole and anilline can 
not isolate addition compound of any stability, 
and in such an acidic conditions as we are 
now concerned with (II) and (III),...... which 
can be considered as the intermediates of 
acid degradation of the complex salt......, 
would be more probable and proton transfer 
at least would be considered to be necessary. 

Among o-nitrophenol, p-nitrophenol, and 
picric acid, the latter two can form addition 
compounds, but o-nitrophenol can not form 
such an addition compound. 

The addition compound with picric acid 
is stable and can be recrystallized from 
alcohol in brown crystals. This differs from 
the addition compounds of ordinary acids 
and phenols. Because of the steric hindrance 
of ortho substituted nitro groups, covalently 
linked structure (II) is not considered for 
the picric acid addition compound, but the 
ionic structure (III) is assigned to it. And 
consequently the structure (II) may be as- 
signed to the ordinary purple addition com- 
pounds. 

Copper complexes are known to have a 


H R 
SOZ gs, 9 O mh - 
[P ,. y i" i i Pa Mag J frm z On ~~ 
I Cu | | Cu | | | Cu | iit 
Pi” | | ’ ie. > | |, OR 
\C=N N=C/ \AC=N N=CAY |\c=N N=CAY 
| | H H | H | |. J 
H CH».—CH, C—C H \ CHe—CH2 H 


Hz H2 


(I) (II) 





1) T. Tsumaki, J. Chem. Soc. Japan, 58, 1258 (1937). 
T. Tsumaki and Z. Endo, J. Chem. Soc. Japan, 64, 31 
(1943). M. Calvin et al., J. Am. Chem. Soc., 68, 2254, 
2257, 2263 (1946 

2) P. Pfeiffer, E. Breith, E. Liibbe and T. Tsumaki, 
Ann., 503, 85 (1933). 








(III) R=CH;—CO, CsHs 





square configuration® around copper and this 
configuration was justified by Pauling® by 
means of the hybridization of dsp2 orbitals, 


3) M.v.Stackelberg, Z. anorg. Chem., 253, 136 (1947) 
4) L. Pauling, J. Am. Chem. Soc., 53, 1367 (1931). 







































































but some complexes which have penta-cova- 
lent pyramidal structure®* as in (I) and (II), 
are also reported. 

In chloroform solution, the complex is 
supposed to assume such a structure as to 
contain intermediate weak coordinate link**?. 
Anisole and anilline also produce purple color- 
ation with the complex. 5-Nitrosalicylalde- 
hyde-ethylenediimine-copper also forms addi- 
tion compound with acetic acid or phenol, 
but 5-chlorosalicylaldehyde-ethylenediimine- 
copper does not form an addition compound 
with acetic acid, but forms a brick red addi- 
tion compound with phenol, though this is 
not obtained in the pure state, because of 
its low solubility in any non-basic organic 
solvents. 


Experimental 


Salicylaldehyde-ethylenediimine-copper-acetic 
Acid 

The saturated solution of salicylaldehyde-ethyl- 
enediimine-copper in glacial acetic acid is con- 
centrated to its half volume under vacuum at 
room temperature. Large violet needles separate, 
which are filtered, and freed from acetic acid in 
vacuum desiccator on calcium chloride. This 
addition compound is unstable, and decomposed 
completely into the original complex on exposure 
to air overnight. 

Water, methyl alcohol, ethyl alcohol, propyl 
alcohol, aniline and pyridine decompose this addi- 
tion compound rapidly. 

Anal. Found; ©, 55.15; H, 4.56; N, 7.11; Cu. 
16.45. Caled. for CisHigsNeO,Cu: C, 55.45; H, 
4.65; N, 7.19; Cu, 16.30. 


5) cf. M. Calvin and E. Martell, ‘‘ Metal Chelate 
Compounds”’, Prentice-Hall (1952), pp. 113, 243, 286. 

* Tetrahedral structure is also of some contribution 
in some cases. 

cf. G. Kimball, J. Chem. Phys., 8, 188 (1940); R. 
Hultgren, Phys., Rev., 40, 891 (1932); H. Kuhn, J. 
Phys., 16, 727 (1948); P. Pfeiffer, Angew. Chem., 53, 
93 (1940). 

{f -~—O~Cu coordination is weak, (Il) would be irregular 

H 

tetrahedral configuration and the mechanism of the ad- 
dition compound formation would be bimolecular nuc- 
leophilic substitution of the protonated complex. 

** This will be indicated by the special shifts of ab- 
sorption bands as discussed in II of this series. 
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Salicylaldehy de-ethy lenediimine-copper- 
phenol 

The mixture of 1 mol. of salicylaldehyde-ethy]- 
enediimine-copper and 1.1 mol. of phenol is warmed 
above the melting point of the latter, immediate 
formation of addition compound occurs. The 
mass is washed with chloroform-benzene (1. 10) to 
remove the excess of phenol. 

The addition compound is stable in non-basic 
solvent, also in water, but is decomposed rapidly 
by alcohols. Fairly soluble in chloroform, spar- 
ingly soluble in benzene. m. p. 125°. 

Anal. Found: C, 62.69; H, 4.77; N, 6.30; Cu, 
14.50. Calcd. for CoH.»N20;Cu: C, 62.31; H, 4.75; 
N, 6.61; Cu, 14.99. 

Salicylaldehyde-ethlenediimine-copper-p- 
nitrophenol 

The mixture of 1 mol. of salicylaldehyde-ethyl- 
enediimine-copper and 1.1mol. of p-nitrophenol 
is warmed above the melting point of the latter. 
Purple needles are formed immediately. The 
mass is dissolved in chloroform, and precipitated 
by the addition of benzene. The precipitates are 
recystallized from chloroform solution. The addi- 
tion compound is obtained in purple needles. 
m.p. 225°. 

Anal. Found: C, 55.65; H, 4.56; N, 9.16; Cu, 
13.00. Caled. for Cs2HigN;0;Cu: C, 56.34; H, 
4.08; N, 8.96; Cu, 13.55. 

Salicylaldehy de-ethy lenediimine-copper- 
picric acid 

A suspension of 1 mol. of salicylaldehyde-ethyl- 
enediimine-copper and 2mol. of picric acid in 
chloroform is stirred for two hours at room temp- 
erature. The brown precipitates separate, which 
are filtered, washed with benzene and recrystal- 
lized from 80% alcohol. The brown needles, 
which contain 1mol. water are stable in usual 
organic solvents. Stable in usual organic solvents. 

Anal. Found: C, 45.62; H, 3.28; N, 12.51; Cu, 
10.55. Caled. for Co2H17N;,O9Cu-H2O: C, 45.79; H, 
3.32; N, 12.14; Cu, 11.01. 


The author is grateful to Prof. Dr. T-. 
Tsumaki (Kyushu Univ.) for his kind instruc- 
tions, and Mr. Mukai and Mr. Shito for the 
analysis. 
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Investigation on the Molecular Structures of Titanium Tetrachloride 
and Zirconium Tetrachloride by Gas Electron Diffraction 


By Masao Kimura, Katsumi Kimura, Michiro Aoki and Shuzo SHIBATA 


(Received March 14, 1955) 


Introduction 


The structures of many metallic tetrachlo- 
rides have been studied by a number of 
workers and it has been proved that their 
configurations are regular tetrahedrons. The 
structures of the two chlorides dealt with in 
the present investigation, have already been 
determined by Lister and Sutton” as Ti—Cl 
=2.18 +0.04 A, Zr—Cl=2.33 +0.05 A. It is 
necessary, however, to obtain the data with 
experimental errors smaller than those dis- 
obtained by Lister and Sutton in order to 
cuss the structures of tetrahalide molecules 
more thoroughly. 

The central atoms in these molecules have 
comparatively large atomic numbers, and the 
dimensions of these molecules appear to be 
so large that the effects of molecular vibra- 
tions cannot be ignored in a diffraction 
experiment. Therefore the effects can be 
expected to be estimated accurately from 
diffraction patterns. 

It is well known that the physical pro- 
perties have some regularities among various 
metallic tetrahalides. Furthermore the simi- 
larities between titanium tetrachloride and 
vanadium tetrachloride have been pointed 
out by Hildebrand” for boiling point, melting 
point, molar volume and so on. Despite 
their similarities, the vanadium-chlorine in- 
teratomic distance in VCl,, 2.03 A®, is very 
different from the titanium-chlorine intera- 
tomic distance obtained by Lister and Sutton 
in TiCl,, The present study was carried out 
in order to determine more accurately the 
structures of titanium tetrachloride and zir- 
conium tetrachloride. 

These interesting problems concerning the 
physical properties will not be solved until 
studies are made with respect to the bond 
character in tetrahalide molecules. In the 
present paper the force constants calculated 
on the basis of spectroscopic data are com- 
pared with the results obtained by electron 
diffraction and are discussed for tetrachloride 
molecules. 


M.W. Lister and L.E. Sutton, Trans. Faraday Soc., 
. 393 (1941). 
J.H. Hildebrand, J. Chem. Phys., 15, 727 (1947). 
W.N. Lipscomb and G. Whitacker, J. Am. Chem. 
joc., 67, 2019 (1945). 


Experimental 


The diffraction photographs were taken with 
the apparatus? which had hitherto been used. 
The wavelength of electron beams was about 
0.06 &. The wavelength was calibrated with a 
gold foil. Titanium tetrachloride was used with- 
out heating, since it is a liquid and can easily be 
evaporated at room temperature. Zirconium 
tetrachloride was evaporated by heating at about 
120°C in a high temperature nozzle». The dif- 
fraction photographs obtained were measured as 
usual by the visual method. The visual curves 
are drawn in Fig. 1V and Fig. 2V for TiCl, and 
ZrCly respectively. The observed q values for 
the maxima and the minima are listed in Table 


TABLE I 

THE OBSERVED AND CALCULATED VALUES 
FOR TiCl, 

0 00-0005 

q. * Tale _ 0-005 Geak 

cale Sa, calc Ras 

(0.961) ‘ (0.961) 


.935) 9. (0.935) 


.965) 12.¢ (0. 965) 
. 000 9. 6f 1.000 
.013 . 8 1.010 
.017 om 1.014 
-015 23. 1.001 
.992 26. 0.993 
. 002 be 1.000 
. 982 .991 
.004 . 001 
.024 .011 
.999 . 000 
. 982 . 995 
. 026 . 009 
. 007 . 003 
. 985 . 998 
.035 . 009 
. 009 . 003 
. 997 .005 
. 022 , . 998 
.017 . .010 
. 005 ‘ .012 
.015 y . 007 
average . 007 . 003 
average deviation 0.013 . 005 

* These values are those calculated for the 
model having r(Ti—Cl)=2.18 A. The suf- 


fices 0 and 0.0005 show a values which refer 
to internal vibrations. 


o 
oS 


— =e OMe Om ee 


84. 
88. 
93. 30 


4) M. Kimura, Chemical Researches, 9, 53 (1951). 
_5) M. Kimura and M. Aoki, This Bulletin, 26, 429 
(1953). 

* See a later section. 
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and Table II. In these tables the values in 
parentheses are considered to have some uncerta- 
inties and are not used for a quantitative com- 
parison of the observed values with theoretical 
ones. 


TABLE II 
THE OBSERVED AND CALCULATED VALUES 
FOR ZrCl, 


0 9.0008 

max. min. qo, eatc* Veale _ Ee =. 
dobs Vobs 

2 11.45 11.35 0.991 11.35 0.991 
3 14.85 14.75 0.993 14.75 0.993 

3 18.35 18.20 0.992 18.20 0.992 
4 24.40 24.50 1.004 24.35 0.998 

4 27.90 27.90 1.000 27.80 0.996 
5 32.00 31.10 0.972 31.60 0.987 

5 37.25 37.50 1.007 37.00 0.993 
6 40.95 40.90 0.999 40.80 0.996 

6 44.90 44.20 0.984 45.00 1.002 
7 50.00 50.95 1.019 49.55 0.991 

7 53.80 54.00 1.004 53.95 1.003 
8 58.15 57.35 0.986 58.10 0.999 

8 62.60 63.80 1.019 62.55 0.999 
9 66.60 67.20 1.009 66.80 1.003 

9 70.70 70.40 1.004 71.10 1.006 
10 75.25 77.00 1.023 75.40 1.008 

10 79.00 80.25 1.016 79.80 1.010 
11 83.40 83.45 1.000 84.05 1.008 

11 87.80 86.80 0.989 88.35 1.006 
average 1.001 0.999 
average deviation 0.011 0. 006 


* These values are those calculated for the 
model having 7(Zr—Cl)=2.32 4. These suf- 
fices 0 and 0.0008 designate a values which 
refer to internal vibrations. 


TABLE III 
COMPARISON OF THE CALCULATED VALUES 
WITH THE OBSERVED VALUES OF TiC], 
r(Ti—Cl)=2.18 4 
Average value Average deviation 


. Curve Of dcalc/qobs Of gcalc/obs 
0.0000 To 1.007 0.013 
0.0004 Ts 1.003 0. 007 
0.0005 "is 1.003 0.005 
0.0006 Ty 1.003 0.006 


TABLE IV 
COMPARISON OF THE CALCULATED VALUES 
WITH THE OBSERVED VALUES OF ZrCl, 
r(Zr —Cl) =2.32 4 
Average value Average deviation 


” Curve Of gcalc/qobs Of gcalc/qobs 
0.0000 To 1.001 0.011 
0.0007 Tz 0.999 0. 007 
0. 0008 Ts 0.999 0.006 
0. 0009 Tog 0.998 0. 007 
0.0010 0. 998 0.907; 


The diffraction patterns of both TiCl, and 
ZrCl, show a feature with simple maxima and 


minima asa whole. A closer examination reveals, 
however, that the pattern of TiCl, is characterized 
by a shelf at the left side of the 7th maximum 
(designated in Fig. 2 by the 6th maximum) anda 
shelf perceptible at the right side of the 8th 
maximum. The pattern of ZrCl, is charaterized 
by a shelf at the right side of the 3rd maximum. 
Therefore these shelves coexistent with the max- 
ima and minima can be expected to lead to the 
determination of the molecular structures with 
fair certainty. 


(I) Radial Distribution Curve 


By use of the visual curves, the radial distri- 

bution curves, 
rD(r) => 1(q) exp(—bq?) sin(zq7/10), 
qa 

were calculated, where b was taken as exp(—bq?max) 
=0.1. Each curve for TiCl, and ZrCl, shows only 
two peaks, corresponding to the interatomic dis- 
tances in the tetrahedral molecules with Ti-—Cl 
=2.18 A and Zr—Cl=2.32 A. The radial distri- 
bution curves are shown in Fig. 1. 





The radial distribution curves for 
TiCl, and ZrCl,. 


Fig. 1. 


(II) Theoretical Intensity Curve 


The theoretical intensity curves 
I(q)=exp(—amncig?) [(4Z2MZci/rmci) sin(zqrmci/10) 
+ 6(Zc1Zc1/rcici) exp( —ag?) sin(zgrcici/10)], 

were calculated for assumed models. Here M 
designates the central atom, exp(—amciq?) and 
exp(—agq’) are the factors relating to the molec- 
ular vibrations and 4a@=acici—amci*. Since 
exp(—amcig”) is the factor relating only to the 
damping of curves, it was ignored by being kept 
constant. A regular tetrahedral form was chosen 
as a molecular form and the values of r(M-X) at 
the value obtained from the radial distribution 
curve were chosen. 

Since these molecules have a tetrahedral form, 
only r(M-Cl) and @ are the parameters required 
to calculate the theoretical intensity curves. The 
former is related to the position of the maxima 
and the minima, and the latter is related mainly 
to the features of the theoretical intensity curves 
and slightly to the positions of the maxima and 
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(i) TiCl.—The theoretical intensity curves 
were calculated for the models which have the 


40 








Fig. 2. 
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value of 2.18 A for r(Ti—Cl) and the values rang- 
ing from 0.0000 to 0.0010 for a. Fig. 2 shows 
that the theoretical intensity curves for r(Ti—Cl) 


v, 
50 60 79 80 9 
—_ 





aa 


Visual and theoretical intensity curves for TiCl,. 


r(TiCl)=2.18 a a=0.0000, 0.0004, 0.0005 and 0.0006 for 
curve Ty. Ty, Ts and Ts respectively. 


-2.184. The curve corresponding to a=0, i.e. 
a fixed model, has sharp maxima at the left side 
of the 7th and .0th maxima and at the right side 
of the 8th and 11th maxima (Fig. 2T»). Accord- 
ingly the curve does not agree with the visual 
curve at all. With the increasing value of a, the 
theoretical curve becomes similar to the visual 
curve and is in complete agreement with the 
visual one in the case of a=0.0005 (Fig. 2T;). In 
these curves, the shelf at the right side of the 
8th maximum gives an example of noticeable 
change in the feature with values of a. The 
shelf disappears at the values of a greater than 
0.0006 and is too distinct at those of a less than 
0.0004. Thus a=0.0004—0.0006 are acceptable val- 
ues even if experimental errors are taken into 
consideration. Table I and Table III show a 
comparison of the theoretical q values for the 
maxima and the minima in the case of r=2.18 4& 
with the observed ones. As a result, the discre- 
pancies between the observed and the theoretical 
values were confirmed to be within experimental 
errors as long as a takes the value in the range 
0.0004-0.0006. The errors in our experiments 
can be considered to be +0.010 as an average 
deviation in ratio of the observed values and the 
calculated ones. Then taking into consideration 
the average deviations shown in Table III, those 
in the calculated curves having values other than 
r=2.18 A and experimental errors, the molec- 
ular structure of titanium tetrachloride was obta- 
ined to be Ti—Cl=2.185 A +0.010 §, a=0.0004— 
0.0006 and the tetrahedral form. 

(ii) ZrCl,.—The theoretical intensity curves 
were calculated for the models which have the 
value of 2.32 A for +(Zr—Cl) and the values rang- 
ng from 0.0000 to 0.0011 for a. Fig. 3 shows 


the theoretical intensity curves for r=2.32 4. The 
curve corresponding to a fixed model has many 
shelves (Fig. 3Ty) and does not agree with the 
visual curve at all. With the increasing value of 
a, the shelves disappear except the shelf at the 
right side of the 3rd maximum and it also 
becomes indistinct. Upon comparison of these 
curves with the visual one, it was determined 
that a takes the values ranging 0.0007—0.0010 in 
the case of r(Zr—Cl)-2.32 4 by taking into 
account experimental errors. Furthermore the 
theoretical curves were compared quantitatively 
with the visual curve regarding the positions of 
the maxima and the minima. The results are 
shown in Table Iland Table IV. Then the struc- 
ture of zirconium tetrachloride was proved to be 
Zr—Cl=2.32 +0.01 4, a=0.0007—0.0010 and to 
have the tetrahedral form by means of a discus- 
sion similar to that carried out in the case of 
titanium tetrachloride. 


Mean Amplitudes of Tetrachlorides 
of 4th Group Elements 

The mean-square amplitudes of tetrachlorides 
of 4th group elements must be calculated from 
the normal modes of vibrations in order to com- 
pare the results obtained from electron diffraction 
with spectroscopic data. The method of calcula- 
tion of the mean-square amplitudes of polyatomic 
molecules was first proposed by Karle and Karle®. 
Since then it has been improved and developed 
by Morino, Kuchitsu et al.. If the displacements 


6) J. Karle and I.L. Karle, J. Chem. Phys., 18, 957 
(1950). 

7) a) Y. Morino, K. Kuchitsu and T. Shimanouchi, J. 
Chem. Phys., 20, 726 (1952); b) Y. Morino, K. Kuchitsu, 
A. Takahashi and K. Maeda, J. Chem. Phys., 21, 1927 
(1953). 
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a | 


Fig. 3. 


r(ZrCl)=2.32 A, a=0.0000, 


Visual and theoretical intensity curves for ZrCl,. 
0.0007, 


6.0008 and 0.0009 for 


curve Ty, Tz, Ts and Ty respectively. 


of interatomic distances M-Cl; and Cl,-Cl; are 
taken as the internal coordinates, and R, ® and 
Q represent the matrices of the internal coordi- 
nate, the symmetry coordinate and the normal 
coordinate respectively, these matrices are related 
to each other by the transformation matrices U’ 
and L as follows, 

R=U'R, 

n=LQ. 

Then the mean amplitude <R,’?> can be ex- 
pressed approximately by the following equation, 

h? (u+p’). 
6472n2kT 
Here F is the potential energy matrix subjected 
to the symmetry coordinate, F' is the inverse 
matrix of F’, U’ is the transposed matrix of U. 
The notation » and yw’ signify the reciprocal mas- 
ses of two atoms associated with the displacement 
Ri. 

The force constants giving the internal potential 
energy must be determined for obtaining the 
matrix. The method was studied systematically 
by Wilson*? and full studies were reported by 
Shimanouchi® for methane and its derivatives. 
In the present study the same method was adopted 
and the potential energy was given by the equation 

Veh (4ri)4 (1/2) fro (4ri)? 


<R2>=kT(U'F-U),: + 


+heqo >> (4qii) 1 (1/2) fq So (4qii)? 
t<j t<j 


+ (1/2) f wre? S> ( 4a)”. 
t<j 


The force constants were obtained using the 
frequencies of the normal modes of vibrations 
and F matrix was determined. Here 7, and q» 


8) E.B. Wilson, Jr., J. Chem. Phys., 7, 1047 (1939); 
9, 76 (1941). 

9) T. Shimanouchi, Sci. Papers Inst. Phys. Chem. 
Research (Tokyo), 22, 958, 964 (1943); T. Shimanouchi, 
J. Chem, Phys., 17, 245 (1949). 


are the interatomic distances M-Cl and CI-Cl in 
equilibrium. Table V shows the molecular struc 
tures used in the calculation, Table VI the fre- 
quencies of the normal modes of vibrations, and 
Table VII the results of the calculation. 


TABLE V 
THE MOLECULAR STRUCTURES OF TETRA- 
HALIDES 
TiCl,* GeCl!9 ZrCly* SnCl,!» 
2.18 2.08 2.32 2.00 
regular tetrahedral form 
* The values determined by the present ex- 
periment. 


SiC1,' 
M-Cl 2.01 


TABLE VI 
THE FREQUENCIES OF MOLECULAR VIBRA- 
TIONS 
Vi v2 Vs 
SiCl, 424 150 608 
TiCl, 386 120 195 
GeCl, 396 134 453 
ZrCl, ? ? ? 
SnCl, 366 104 403 


No frequency of the normal modes of vibrations 
has yet been obtained for ZrCly. Therefore a 
method to be mentioned below was used. A plot 
of the force constant against the atomic number 
of the central atom yields a straight line approxi- 
mately for Si, Ge, Sn (Fig. 4). It has already 
been pointed out” that if a plot is made in the 
same way as mentioned above for the other 


10) K. Yamasaki, A. Kotera, A. Tatematsu, M. Iwa- 
saki, J. Chem. Soc. Japan, 69, 104 (1948). 

11) L. Pauling and L.O. Brockway, J. Am. Chem. Soc., 
57 2684 (1936). 

12) G. Herzberg, ‘‘ Molecular Spectra and Molecular 
Structure IJ, Infrared and Raman Spectra of Polyatomic 


Molecules’"’, 1949, p. 167. 
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VII 


FORCE CONSTANTS AND MEAN AMPLITUDE OF MOLECULAR VIBRATIONS 


SiCl, 
2.597 
0. 0436 
0. 0289 
0.0521 


0.045 


TiCl, 
f(x 10°dyn./em.) 1.935 
fal x G ) 
fa! - y ) 


hiAx q ) 


i 


. 294 
. 0228 


<rci> (A) . 049 


- 108 
. 00045** 


0. 0004-0. 0006 


f and h were determined by the method 
the value calculated using 400°K for T. 


0. 089 


<reici 7 (A) 


Acale 


flobs 


GeCl, ZrCl,* 
2.440 1. 800 
. 0442 0 
. 208 0. 200 
. 0350 0.010 


. 044 0.050 


SnCly 
2.325 
0. 0237 
0.118 
0. 0378 
0.045 


0.135 0.120 
0. 00094 
0. 0007-0. 0010 


paper. dcalc is 


. 100 


mentioned in the present 


@calc iS the value calculated using 300°K for T. 


—_——» Atomic Number 


(f,) hg 


I 


ZrChs 


—— Atomic Number 
Fig. 4. 
atomic number of central ato 


physical properties, the curve for Ti, Hf, Zr and 
Th runs parallel to that for Si, Ge, Sn and Pb. 
For the force constants also, a parallelism may 
be considered to exist between the two series. 
Therefore a straight line was drawn parallel to 
that for Si, Ge, Sn and Pb through Ti (Fig. 4). 
Thus the force constants for ZrCl, were obtained 
from the straight line as the values corresponding 
to atomic number 40 and are listed in Table VII. 
Although the force constants for a series of Si, 
Ge, Sn and Pb, rigorously speaking, do not lie 
on a straight line, f, for ZrCly, for example, can 
be obtained as 1.80+0.03 if the above mentioned 
parallelism is assumed. Since the mean amplitude 
depends exceedingly on f;, such an error in f;, 
leads to an error of only two or three percent 
in the mean amplitude even if the errors of the 
other force constants are taken into account. 
Consequently the error is less than that involved 
in an electron diffraction experiment. 

The relation between a in exp(—ajjq?) and the 
mean amplitude is expressed by the following 


——? Atomic Number 


(hq) 


ee 
TiCl, arly 
x 
GeCl, 


—— > Atomic Number 


Force constant of tetrachlorides plotted against the 


m in arbitrary unit. 


equation!®, 
Qi j = <j s> +n?) 200. 
Then 
=Aercr ~ Omer =< eicr O — <4 Mcr> 7/200. 
G@calc was calculated using this equation and is 
listed in Table VII. The observed values of a 


are in satisfactory agreement with the calculated 
ones. 


a 1 


Discussion 


The interatomic distances Ti—Cl and Zr— 
Cl were obtained by us with smaller errors 
than those obtained by Lister and Sutton. 
Moreover detailed information was obtained 
for the molecular vibration from the stand- 
point of electron diffraction and spectroscopy. 


13) e.g. P. Debye, J. Chem. Phys., 9, 55 (1941); :R. 
W. James, Physik. Z., 33, 737 (1932). 
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These results can be considered to be ac- 
curate enough to be used discussing the 
molecular structures. 

The results obtained above indicate the 
regular change with the atomic number of 
the central atom in the molecular vibrations 
as well as in the metal-chlorine interatomic 
distances of the tetrahalides of 4th group 
elements. At the same time the 4th group 
elements are classified into two groups, Si, 
Ge, Sn, Pb and Ti, Zr, Hf, Th. Although 
no detailed statement is made in the present 
paper, that almost all physical properties are 
classified into two groups may be interpreted 
as due to the difference of the bond character 
between the two groups. The difference of 
the bond character may be considered to be 
a necessary consequence arising from the 
difference of the valence shells between the 
two groups. Moreover in TiCl, and VCl, 
the similarity to one another in boiling point, 
melting point and molar volume, etc. is an 
example indicating that no physical property 
depends merely on the geometrical configu- 
ration of molecules. 


Summary 


1) The moleculai structures of TiCl, and 


[Vol. 29, No. 1 


ZrCl, were determined by electron diffraction 
as follows: Ti—Cl=2.185 _+0.01 A in TiCl, 
and Zr—Cl=2.32 +0.01 A in ZrClh, and 
both molecules have the tetrahedral form. 
At the same time @ in exp (—ag?), the term 
relating to molecular vibrations, was deter- 
mined. @cici1—@mci is 0.0004-0.0006 for TiCl, 
and 0.0007-0.0010 for ZrCl,. 

2) The mean-square amplitudes of SiCl,, 
TiCl,, GeCl,, ZrCl, and SnCl, were calculated 
using the frequencies of the normal modes 
of vibrations. d@cici—amci thus obtained is 
0.00045 for TiCl, and 0.00094 for ZrCl,. These 
values are in satisfactory agreement with 
those obtained by electron diffraction. 

3) Almost all physical properties of tetra- 
halides of the 4th group elements including 
molecular vibrations are classified into two 
groups, Si, Ge, Sn and Pb tetrachlorides and 
Ti, Zr, Hf and Th tetrachlorides. This will 
be due to the difference in bond character. 

We wish to express our thanks to Prof. 
M. Kubo for his helpful advice. Our thanks 
are also due to the Ministry of Education 
for supporting this research. 
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Itroducton 


Recent investigations on the reduction of 
metallic oxides or oxidation of metallic sulfides 
have shown that the mechanism of these 
reactions should be discussed on the basis of 
the defect theory of crystal Jattice. Along 
this line Anderson” and Wagner” have dis- 
cussed the mechanisms for many cases of 
reactions which involve the reduction of 
metallic oxides with hydrogen or carbon 
monoxide, oxidation of metallic sulfides with 
oxygen, and reduction of metallic sulfides 
with hydrogen or other metals. Successful 
applications have also been carried out by 
Parravano® and Hauffe® on the reduction of 

1) J.S. Anderson, Discussions Faraday Soc., No. 4, 

163 (1948). 

2) C. Wagner, J. Metals, 4, 214 (1952). 

3) G. Parravano, J. Am. Chem. Soc., 74, 1194 (1952). 


4) K. Hauffe and A. Rahmel, Z. phys. Chem. [N.F.], 
1, 104 (1954). 


nickel oxide with hydrogen. 

When a metallic oxide is reduced with 
hydrogen, first the chemisorption of hydrogen 
on the surface of oxide takes place, being 
accompanied by the decrease of positive holes 
or the increase of free electrons. Then the 
reaction proceeds by filling cation vacancies 
or increasing excess cations until metallic 
nuclei appear, resulting in an appreciable 
change of metal/oxygen ratio. The analogous 
non-stoichiometric departure has been found 
for some cases of oxidation of metallic sulfide”, 
although the change of the metal/anion ratio 
is opposite to that in the case of reduction 
of oxide. For the oxidation of sulfide, how- 
ever, experimental data are very scarce up 
to date. 

Most compounds have so small a range of 
deviation from the stoichiometric composition 
that it is difficult to observe it by means of 
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the ordinary X-ray diffraction method. But 
fortunately ferrous sulfide has a relatively 
wide range of non-stoichiometric composi- 
tion», so the X-ray diffraction method may 
be useful for the present purpose. 

Although studies on the roasting of ferrous 
sulfide have been carried out by several 
investigators, some disagreements still remain 
as to those results: Schwab and Philinis” 
have measured the rate of oxidation with a 
precise thermobalance and have concluded 
that the rate is controlled by diffusion of gas, 
similarly to the case of pyrite. Chufarov and 
Averbukh® have found that the oxidation of 
ferrous sulfide proceeds as follows: Up to 
250°C the oxidation takes place without evolu- 
tion of gas, showing that the product is FeSQ,. 
At 350-450°C the product is a mixture of 
FeSO, and iron oxides, and above 450°C it 
is a mixture of ferric oxide and magnetite. 
Kameda, Yazawa, and Kurosawa” have in- 
vestigated the kinetics of the oxidation of 
artificial ferrous sulfide, and have shown that 
the initial stage of the reaction is autocat- 
alytic, an induction period being observed. 
According to Kushima and Kondo’ who have 
studied the oxidation products with thermo- 
balance, the sulfate which is produced during 
oxidation is presumed to be Fe2(SO,)3, also, 
complete formation of oxides is observed 
above 600°C. 


Experimental 


(a) Material.—Ferrous sulfide used was pre- 
pered as follows: Two boats which had been 
filled with electrolytic iron and sulfur respectively 
were put in a quartz tube, and after evacuation 
up to about 10-*mmHg the tube was heated to 
800-900°C. After the sulfurization had _ been 
finished, which took about two days, the product 
was powdered and was then evacuated again at 
900°C to remove excess sulfur. The final product 
was powdered again and its fraction between 170 
and 200 mesh was collected by sieving. One- 
tenth grams of this fraction were used in every 
run. 

The analysis of sample resulted as, 

Fe; 61.98%, S; 38.11%. 
No other line except that of ferrous sulfide was 
observed by X-ray powder photograph. 

(b) Spring Balance.—The spring balance used 
is the same as that described in the writers’ 
previous paper'). The rate of flow of air was 


5) R. Juza, W. Biltz and K. Meisel, Z. anorg. allgem. 
Chem., 205, 273 (1932). 

6) H.S. Roberts, J. Am. Chem. Soc., 57, 1034 (1935). 

7) G-M. Schwab and J. Philinis, J. Am. Chem. Soc., 
69, 2588 (1947). 

8) G.I. Chufarov and B.D. Averbukh, Zhur. Obshei. 
Khim. (J. Gen. Chem.), 19, 857 (1949). 

9) M. Kameda, A. Yazawa and T. Kurosawa, J. Min- 
ing Inst. Japan, 68, 71 (1952). 

10) I. Kushima and Y. Kondo, ibid., 68, 319 (1952). 

11) K. Niwa and T. Wada, J. Japan Inst. Metals, 18, 
1 (1954). 
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fixed at 200cc./min., because no effect on the rate 
of reaction was observed when the rate of flow 
was increased above this. 

(c) X-ray Diffraction Method.—X-ray diffrac- 
tion patterns were obtained by means of an or- 
dinary powder camera with diameter of 90mm 
and CoKae radiation. Since an X-ray tube of 
rotating-anode-type was used, the exposure was 
only about ten minutes. To prepare the specimen 
for X-ray study, samples were quenched in nitro- 
gen gas in a way similar to that adopted in the 
previous work!), 


Results 


(1) Rate of Oxidation Measured with Spring 
Balance.—The rates of oxidation measured with 
spring balance over the temperature range from 
504° to 700°C are shown in Fig. 1, in which the 


Decrease of weight (%) 
ro P= 


et 


80 (for 504”) 





10 20 30 40 
Time (min.) 
Fig. 1. Change of weight during oxidation 
of ferrous sulfide. 


decrease of weight (%) is plotted against reaction 
time (min.). 

At reaction temperature of 504°C, some increase 
of weight appears first, and continues for about 
fifteen minutes until the weight begins to decrease 
gradually. (For this run the scale of abscissa 
in Fig. 1 is reduced to one half that of others.) 
The decrease of weight, however, is only 2.8% 
even after ninety minutes, which is far less 
than that of oxides, viz. 9.1% for ferric oxide 
and 12.2% for magnetite. Thus sulfate may exist. 
At 553°C small amounts of sulfate may also be 
formed; above 604°C, the product undoubtedly 
comprises oxides only. 

Two striking phenomena are observed from 
Fig. 1: First, for every temperature there is an 
increase of weight of about 1.0-1.8% at the 
initial stage of reaction, and secondly above 604°C 
the rate of oxidation does not change with temper- 
ature. The latter fact means that the energy 
of activation for reaction is very small, so the 
rate-determining factor may be diffusion of gas. 

(2) Dependence of Reaction Rate on the 
Amount of Sample.—Two cases of rate-controlling 
by diffusion can be considered: One is the dif- 
fusion of gas through the pores of the product 
layer formed on the surface of each particle as 


Schwab and Philinis have reported”, and th 
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other is that in the bed of the whole sample”. 
To decide whether or not the diffusion in a par- 
ticle is the only factor in rate-determination, an 
experiment, namely the measurement of the rate 
of oxidation using various amounts of the sample, 
was carried out. If the diffusion in a particle is 
the rate-determining factor, the rate should be 
independent of the amount of sample. If, on the 
other hand, the rate is controlled by diffusion in 
the bed of the sample, it may vary with the 
amount of sample. The results are shown in 
Fig. 2. They indicate that the rate depends on 


Decrease of weight (%) 





0 FY 10 15 


Time (min.) 
Fig. 2. Dependence of the rate of oxida- 
tion upon the amount of sample. 
The broken lines indicate the relative 
rate of oxidation cited in Table III. 


the amount of sample. Thus the observation 
supports the latter of the two considerations 
mentioned just above. 

(3) X-ray Diffraction Study of Initial Stage. 
—Identification of oxidation products and mea- 
surements on the change of lattice parameter of 
ferrous sulfide in initial stage were carried out 
by X-ray analysis. 

Since the whole data of X-ray diffraction can 
not be represented on account of limitation of 
space, only one example is shown in Table I. 
In this case magnetite and hematite were identi- 
fied, while the existence of witistite is not certain 
because the assigned line is only a very weak 
one. Data on identified substances are summarized 
in Table II. 

An appreciable change of lattice parameter of 
ferrous sulfide was observed in this stage of 
reaction. This is as shown in Fig. 3b where the 
change of interplanar spacings of (102), (103), 
(004), and (202) lines may be seen in connection 
with change of weight which is shown in 3a. The 
rate of oxidation is somewhat lower than that 
of Fig. 1 because 200mg. of sample was taken 
in this case. 


12) S.E. Woods, Discussions Faraday Soc., No. 4, 184 
(1948). 


TABLE I 
AN EXAMPLE OF X-RAY POWDER PHOTO- 
GRAPHS 
Sample: No. 7, 600°C, 100 sec. 
d(kX) I Substance 
Sire w FeS (001) (?)* 
2.97 m FeS (100) 
2.70 vw Fe2O3 
2.64 st FeS (101) 
2.52 w Fe;0,4, Fe.0 
2.23 vw Fe,0; 
2.16 vw FeO 
2.10 vw Fe;O, 
2.06 st FeS (102) 
1.840 vw Fe2O3; 
i Ay og st FeS (110) 
1. 680 vw Fe,0; 
1.612 vw Fe;0,4 
1.602 w FeS (103) 
1. 483 w FeS (200) 
1. 440 Ww FeS (201) 
1. 426 w FeS (004) 
1.317 m FeS (202) 
TABLE II 


PRODUCTS OF INITIAL STAGE DETECTED BY 
X-RAY DIFFRACTION 
Reaction temper- Time Detected substances 


ature (°C) (sec.) (except FeS) 

500 30 — 
” 75 Fe;O, 
” 120 Fe;0, 
” 180 Fe;0, 
” 240 Fe;0,4, (Fe2O;)** 

600 20 _ 
” 40 Fe;0.4 
Y 60 Fe;0,4, Fe2O3, (FeO) 
y 100 Fe;0,4, Fe2O;, (FeO) 
4 150 Fe;04, Fe2O3, (FeO) 

700 20 Fe;0,4, (FeO) 
” 36 Fe;04, (Fe20O3), (FeO) 
” 60 Fe;0,4, Fee2O:, (FeO) 
Y 90 Fe;04, Fe2O3, (FeO) 
y 120 Fe20;, Fe;04, (FeO) 
’ 180 Fe2O 3, (Fe3;0,4), (FeO) 


** The existence of parenthesized substance is not 


certain. 


It is obvious that this contraction of lattice 
parameter is due to the change of molar ratio 
of iron/sulfur. The change of lattice parameter 
is so rapid, that the material has become almost 
saturated when the increase of weight is maximum. 
The velocity of the change, however, depends 
very much on reaction temperature, which sug- 
gests a relatively high energy of activation. 

* It may be open to question whether or not this 
weak line of 5.72 kX is assigned to (100) of ferrous 
sulfide, which should disappear in NiAs structure. But 
it is also impossible to assign it to oxide or sulfate. 
Thus a doubt arises as to ideal NiAs structure of pyrr- 
hotite. Details will be discussed elsewhere. cf. F. Ber- 
taut, Compt. rend., 234, 1295 (1952). 
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(a) 


Change of weight (%) 


(kX) 


Spacings dint) 


Time (min.) 
Fig. 3. Reaction of initial stage. 
(a): Change of weight. 
(b): Change of interplanar spacings 
of FeS. 


The relation between lattice parameter and 
molar ratio of iron/sulfur has already been deter- 
mined by some investigators'!4), According to 
the results of Ueda et al'®, whose measurements 
seem to be most reliable, these changes of lattice 
parameter correspond to changes of composition 
amounting to about 1.5-1.8, 2.1-2.4, and 1.6-1.8 
atomic % of sulfur for 500°, 600°, and 700° respec- 
tively. 


Discussion 


The increase of weight at the initial stage 
of reaction is rather too great to regard its 
cause as merely chemisorption of oxygen. 
If the specific surface of the sample is of the 
order of 10° or 10‘cm? per gram, about 10? 
molecular layers of adsorbed oxygen corres- 
pond to the 1-2% of weight increase. Fur- 
thermore, magnetite is found as an oxidation 
product at a very early stage of reaction as 
shown in Table II. Therefore the cause of 
increase of weight may be the formation of 
oxide on the surface rather than chemisorp- 
tion. 

Thus the mechanism of initial reaction can 


13) J. Hagg and I. Sucksdorff, Z. phys. Chem., (B) 22, 
444 (1933). 

14) R. Ueda, T. Ichinokawa and T. Mitsui, Busseiron 
Kenkyu (Rescarches on Chem, Phys.), 33, 55 (1950). 
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be interpreted as follows: First, oxygen is 
chemisorbed on the sulface, being accompanied 
by the formation of cation vacancies and 
positive holes near the surface. Then these 
cation vacancies diffuse into the interior of 
the crystal, or in other words, cations diffuse 
to the surface. This stage is continued until 
the deficiency of cation reaches the satura- 
tion where the oxide phase may already exist 
on the surface because the amount of che- 
misorbed oxygen becomes so great. 
If a reaction occurs as follows, 


FeS+ 2 x0,=Fe,-2S+ 3 Fe,0, 


the increase of weight is expected to be 1.4- 
1.7%, 2.0-2.3%, and 1.5-1.7% for 500°, 600°, 
and 700° respectively from the values of 
iron/sulfur ratio. These are comparable to 
the experimental values which are 1.5% for 
500° and 600° and 1.2% for 700°. 

The rapid change of lattice parameter of 
ferrous sulfide indicates that the diffusion 
of cation vacancies or opposite diffusion of 
cations is relatively easy. 

After this induction period, the oxidation 
proceeds with evolution of sulfur dioxide, 
and the rate is controlled by diffusion of 
gas at least at temperature above 600°C. 


“Schwab and Philinis’> have considered that 


the observed rate is controlled by diffusion 
of oxygen through the pores of the product 
layer formed on the surface of each particle. 
The diffusion coefficient thus determined 
from their observation, however, was of the 
order of 10-°cm? sec, which was far less 
than that of ordinary gas, viz., about 10 
cm? sec~', indicating, according to their op- 
inion, that the porosity of the product was 
very low. 

In the present case, however, the reaction 
rate of oxidation depends on the amount of 
sample as described above. So the diffusion 
in the bed of the whole sample must be 
considered. 

In Table III the relative and molar rate 


TABLE III 
RELATIVE AND MOLAR RATE OF OXIDATION 


FOR VARIOUS AMOUNTS OF SAMPLES AT 700°C 
1 dim 


Amount dm/dt A dt 
of dx/dt . 
oa (mol. A(cm?) (mol. 
sample (sec™!) “ zs 
sec“) sec™! 
(mg.) a 
cm~?) 


20.3 0.76107 1.8x10% 0.35 0.511077 
48.5 0.49x10 2.7x106 0.50 0.54x107* 
100 0.30x1072 3.4x10% 0.70 0.49x10% 
a: Fraction of oxidized ferrous sulfide. 
m: Moles of oxidized ferrous sulfide. 


A: Area of extent of sample bed in the 
bucket. 
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of oxidation which are determined from the 
slopes of curves in Fig. 3, and area of extent 
of sample bed in bucket are recorded. As 
shown in the fifth column of this table, the 
molar rate of oxidation per unit area is al- 
most constant. This fact offers valid evidence 
for the view that the diffusion in the bed 
contributed predominantly to the rate of 
oxidation. 


Summary 


The rate and mechanism of oxidation of 
ferrous sulfide was studied by means of a 
spring balance and X-ray diffraction analysis 
over the temperature range from 500°C to 
700°C. The conclusion reached is as follows: 

(1) Complete oxidation, in which only the 
formation of oxides proceeds, begins at 600°C. 
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(2) At the initial stage of oxidation, a 
slight increase of weight is found. It was 
observed by X-ray that the deficiency of 
cation in ferrous sulfide occurs in this stage. 
This may be due to the formation of oxide 
on the surface rather than to chemisorption, 
which is accompanied by creation of cation 
vacancies in ferrous sulfide crystal. 

(3) Above 600°C, the rate of oxidation does 
not change with temperature, so the rate- 
determining factor is diffusion of gas. Since 
the observed rate of oxidation depends upon 
the quantity of the sample, the diffusion in 
the bed of sample may determine the rate. 


Department of Chemistry, Faculty of 
Science, Hokkaido University, 
Sapporo 


Interaction between Surface Active Agents and Proteins. I. Precipi- 
tations formed by Mixing Sodium Alkyl Sulfates and Egg Albumin 


By Koichiro Aoxki and Joji Horr 


(Received July 13, 1955) 


Introduction 


Putnam and Neurath” studied the precipit- 
ation reaction between sodium dodecyl] sulfate 
(SDS) and horse serum albumin by mixing 
solutions of SDS and serum albumin at lower 
pH than 4.75, the pH of the isoelectric point 
of this protein. They observed that white 
precipitate instantly formed when both solu- 
tions were mixed if there was an excess 
albumin, and that the precipitate was re- 
dissolved in the region of SDS excess and, 
further, that these two phenomena did not 
depend upon the protein concentration. 

Pankhurst et. al.” studied the interaction 
between SDS and gelatin using that same 
method and Elkes et. al®. studied the inter- 
action between sodium cetyl sulfate and 
hemoglobin. Both also found that there was 
a region wherein precipitation occurred when 
the surface active agent and the protein were 
mixed. 

No investigation has been made of inter- 
actions between egg albumin and SDS, or 
its homologues. A study was made of the 

1) F.W. Putnam and H. Neurath, J. Am. Chem. Soc., 

66, 692 (1944). 

2) K.G.A. Pankhurst and R.C.M. Smith, Trans. Fara- 

day Soc., 40, 565 (1944). 


3) J. Elkes and J.B. Finean, ‘‘Surface Chemistry”’, 
Butterworth, London (1949), p. 281. 


precipitation reaction between each one of 
these compounds and egg albumin at lower 
pH than that of the isoelectric point of egg 
albumin. The results obtained are reported 
in this paper. 


Experimental 


Materials.—SDS was prepared as _ follows. 
Purified dodecyl alcohol was sulfonated by chloro- 
sulfonic acid; this solution was then neutralized 
by sodium hydroxide». The crystal obtained 
after two recrystallizations was glossy white and 
scale-like. The melting point was 191-193°C and 
the purity was 99.8%*. The critical micelle 
concentration of the aqueous solution of this SDS 
was found to be 0. 007-8 mol./l. at 25°C, by measur- 
ing the surface tension, the viscosity and tne 
specific conductivity®. 

SOS and SBS were synthesized in the same 
way. The purity of these compounds was of the 
same degree as that of SDS. 


* We took the known quantity of this crystal. We 
added dilute hydrochloric acid and warmed it to hydro- 
lyze this compound. Then barium sulfafe was pre- 
cipitated by adding barium chloride solution. The purity 
of SDS was calculated from the amount of this pre- 
cipitate”). 

4) W. Kimura and H. Taniguchi, J. Soc. Chem. Ind- 
Japan, 42, 157 (1939). 

5) K. Nishizawa and T. Tomizawa, ibid., 35, 
(1932). 

6) K. Aoki, Bulletin of Nagoya City University, in 
press. 
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Egg albumin was isolated by ammonium sulfate. 
After several repetitions of salting out, the 
obtained solution was dialyzed by running water 
and then electro-dialyzed. This solution was 
evaporated to dryness to obtain solid egg albumin. 
This egg albumin was proved to be electrophore- 
tically pure”. 

Procedure.—We obtained the SDS solution 
having the known concentration by dissolving 
the known amount of SDS crystal into buffer 
solution, the pH and the ionic strength of which 
were known. We dissolved the known amount 
of egg albumin powder into the buffer solution. 
Using the micro-Kjeldahl method, the concentra- 
tion of egg albumin in this solution was deter- 
mined by finding the amount of nitrogen in it, 
taking the percentage of nitrogen in egg albumin 
as N=15.76%. We obtained the albumin solution 
having the desired concentration by diluting this 
solution. 

Known volumes of SDS solution were placed 
in a series of test tubes or conical flasks, and 
then to each test tube the calculated volume of 
egg albumin solution was added. They were 
allowed to stand over night at room temperature, 
and supernatants were separated from precipitates 
by centrifugation. Concentrations of protein in 
these supernatants were found by the micro- 
Kjeldahl analysis. Knowing both the amount of 
protein which originally existed and the amount 
of protein found in the supernatant after remov- 
ing precipit=te, we knew the percentage of the 
protein turned into precipitate. (Hereafter we 
call this percentage ‘‘ precipitation percentage’’.) 

The buffer solution used consisted of sodium 
acetate and hydrochloric acid, its pH being equal 
to 4.2 and ionic strength (x) 0.34. 

Precipitation reactions between SOS and egg 
albumin, and between SBS and egg albumin were 
studied in the same way as between SDS and 
egg albumin. 


Results 


Precipitation Curve.—We obtained the 
relation between the precipitation percentage 
and the mixing ratio of SDS to egg albumin 
at pH=4.2, w=0.34, whereby the concentra- 
tion of egg albumin was kept constant. 
This relation is shown in Fig. 1. Observing 
this curve, which is hereafter termed “ pre- 
cipitation curve”, the precipitation percentage 
of protein was found to increase first with 
the mixing ratio, and upon reaching its 
maximum, the precipitation percentage then 
decreased. When solutions of SDS and egg 
albumin were mixed and the amount of SDS 
was sufficiently rich, precipitation did not 
occur even when the pH of the solution was 
lower than that of the isoelectric point of 
the protein. We observed the same pheno- 
menon as above when the concentration of 
protein used was between 0.5 and 2.0%. 





7) K. Aoki, ibid., in press, 
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Precipitation percentage 





0 20 40 60 80 100 
100 80 60 40 20 0 
Alb. SDS 


Mixing ratio 
Fig. 1. Precipitation curve of the system 
of egg albumin and sodium dodecyl 
sulfate at pH 4.2 and ionic strength 
0.34. Concentrations of egg albumin 
are follows: © 2.0%, O 1.0%, @ 0.5%. 


In the region of albumin excess, the 
supernatants were not transparent, appearing 
slightly turbid. After these supernatants 
were left standing for a few days, we 


‘ observed that a small quantity of precipitate 


had newly occurred. 

Precipitate did not appear instantly when 
solutions of SBS and egg albumin were mixed. 
There was a slight daily increase in the 
amount of precipitate. Fig. 3 was calculated 
using the data obtained on mixtures left 
standing for ten days after mixing. 

There was an instant precipitation when 
solutions of SOS and egg albumin were 
mixed. When supernatants were left standing 
for a few days after removing precipitate, 
a little precipitate appeared in the same way 
as in the SDS-egg albumin system. Figs. 2a 
and 2b show the precipitation curves of the 
system SOS-egg albumin. We can note in 
the region of SOS excess that the precipita- 
tion curves are different when the concentra- 
tions of SOS differ. In other words, when 
1.0% of SOS solution is used, the precipita- 
tion percentage of protein is always near 
100%; but when the concentration of SOS 
is over 1.5%, the precipitation curve descends, 
as in the SDS-egg albumin system. 

Electrophoresis of Turbid Supernatant 
and Transparent Solution.—We electro- 
phoretically analyzed supernatants after 
centrifugation and also solutions with vari- 
ously diflerent mixing ratios of SDS to egg 
albumin. We used Hitachi’s electrophoretic 
apparatus and the experiments were carried 
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Fig. 2a. Precipitation curve of the system 
of egg albumin and sodium octy] sulfate 
at pH 4.2 and ionic strength 0.34. Con- 
centration of egg albumin is 1.0%. 
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Fig. 2b. Precipitation curve of the system 
of egg albumin and sodium octyl sulfate 
at pH 4.2 and ionic strength 0.34. Con- 
centrations of SOS are as follows: 
© 3.0%, @ 2.0%, A 1.5%, © 1.0%. 


out at 25°C, pH=3.6, and ~=0.1*. Some of 
the results are shown in Figs. 4a and 4b. At 
pH =3.6, a solution which contained only egg 
albumin moved toward the anode and a solu- 
tion which contained only SDS moved toward 
the cathode. In cases where the concentration 
of egg albumin was richer than albumin/SDS 
=80/20 (mixing ratio) the supernatants after 
centrifugation were always turbid white. In 


* The experimental method of electrophoresis is des- 


cribed in Part II, 
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Fig. 3. Precipitation curve of the system 
of egg albumin and sodium butyl] sulfate 
at pH 4.2 and ionic strength 0.34. Total 
concentration is 2.0%. 
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Fig. 4a. Electrophoretic pattern of the 
system egg albumin-sodium dodecyl sul- 
fate at pH 3.6 and ionic strength 0.1. 
Both egg albumin and complex moved 
toward the anode. Photographs of 
albumin/SDS=95/5 and 90/10 were taken 
with larger inclination of diagonal slit. 
Broken line means that the light passed 
through the turbid phase. 


electrophoretic experiments of these super- 
natants, we observed that all moved toward 
the anode and separated into two components, 
i. e. turbid complex and transparent egg 
albumin. When the ratio of albumin/SDS 
was less than 80/20, we observed only one 
complex which migrated toward the cathode. 
Further, when the ratio of albumin/SDS 
became less than 30/70 there appeared two 
components, i. e. SDS and complex. 
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Fig. 4b. Electrophoretic pattern (con- 


tinuec,. Both complex (C) and SDS (S) 
move toward the cathode. 
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method?. The dye used was Eastman’s 
pinacyanol; the three buffer solutions used 
were acetate buffer solution at pH 4.2, 
phosphate buffer solution at pH 6.8 and 
carbonate buffer solution at pH 10.0*. We 
also studied the effect of ionic strength of 
sodium chloride solution on the CMC of SDS. 
As seen in Fig. 5a, the lowering effect of 
ionic strength of the three buffer solutions 
and sodium chloride solution upon the CMC 
of SDS is the same if the ionic strength of 
each solution is the same. Further, the 
curve shown in Fig. 5a coincides with the 
curve calculated by Corrin and Harkins”. 
This means that the lowering of the CMC 
does not depend upon the kinds and pH’s 
of the buffer solutions nor upon the kinds 
of neutral salt solutions and that it depends 
only upon the ionic strength of the solution 
which dissolves the detergent. We can find 
in Figs. 5a and 5b that the CMC of SDS is 
0.03% (0.0010 mol./l.) and the CMC of SOS is 
1.39% (0.060 mol./l.) in the buffer solution 
at p=0. 34. 


Discussion 


Number of SDS and of SOS Bound to 
One Molecule of Egg Albumin.—-We can 
calculate the number of SDS bound to one 


“molecule of egg albumin from precipitation 





Ionic strength 
Fig. 5a. The effect of ionic strength upon the critical micelle 
concentration of sodium dodecyl! sulfate. 
@ Acetate buffer solution at pH 4.2, 
solution at pH 6.8, @© carbonate buffer solution at pH 10.0, 
A sodium chloride solution. 


Critical Micelle Concentration of SDS and 
of SOS in Buffer Solution.—We investigated 
the lowering of the critical micelle concentra- 
tion (CMC) of SDS and of SOS caused by 
the increase in the ionic strength of buffer 
solution using the Corrin and Harkins, 


phosphate buffer 


curve in Fig. 1. No precipitation occurred 
when barium chloride solution was added 
to supernatants obtained from mixtures the 


8) M.L.Corrin and W.D. Harkins, J. Am. Chem. Soc., 
69, 683 (1947). 
* This will be desdribed later. 
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Fig. 5b. The effect of ionic strength of 
phosphate buffer solution at pH 6.8 
upon the critical micelle concentration 
of sodium octyl sulfate. 


compositions of which were between albumin/ 
SDS=100/0 and 65/35, so we can assume 
that all of the added SDS are bound to egg 
albumin and form a complex, and that almost 
all of the complex thus formed exists in 
precipitate within this region of mixing ratio. 
White precipitate occurred when barium 
chloride solution was added to supernatants 
obtained from mixtures having the concentra- 
tion of SDS over albumin/SDS=65/35, so we 
know that in this mixing ratio the added 
SDS exists both in the supernatant and in 
the precipitate. 

We calculated the composition of precipi- 
tate, or the number of SDS bound to one 
molecule of egg albumin, in the region of 
albumin/SDS=100/0-65/35, taking the mole- 
cular weight of egg albumin as 46,000 and 
that of SDS as 288. The compositions of 
precipitate thus calculated at each mixing 
ratio are shown in Fig. 6a. This curve has 
two inflection points a and b, and the number 
of bound SDS at point Bb is about 40 which 
is considered the true number of SDS bound 
to one egg albumin molecule. This composi- 
tion is expressed by AD, (A: albumin, D: 
detergent). The numeral 40 is almost equal 
te 42 which is the number of positive charges 
on one egg albumin at this pH*. 

In Fig. 6a, line ab is not horizontal. One 
reason is that supernatant contains not only 
unreacted excess albumin but also turbid 
complex, as seen in electrophoretic patterns 
of supernatants. We should not consider 
that the composition of the complex changes 
with mixing ratio in the region between 
points a and Jb, but should consider that all 


* Line a/b’ is more horizontal than line ab. The 
reason as follows: We added the amount of precipitate 
which was produced after standing a few days to that 
which was produced instantly when both solutions were 
mixed, and this value was used to calculate the pre- 
cipitation curve. 
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Fig. 6a. Number of SDS molecules bound 
to one molecule of egg albumin. Con- 
centrations of egg albumin are as 
follows: @© 2.0%, O 1.0%, @ 0.5%. 
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Mixing ratio 
Fig. 6b. Number of SOS molecules bound 
to one molecule of egg albumin. Con- 
centration of egg albumin is 1.0%. 


the complex formed in this region have the 
same composition of ADy. If we assume 
that all the complex formed exists in pre- 
cipitate, line ab should be horizontal. 

The curve showing the relation between 
the number of SOS bound to one molecule 
of egg albumin and the mixing ratio was 
calculated by using the precipitation curve 
of SOS shown in Fig. 2a. This curve is 
shown in Fig. 6b and is similar to that of 
the SDS-egg albumin system. The composi- 
tion of precipitate calculated at point J’ is 
also AD,y*. 

We can deduce that there is no great 
difference in the region of albumin excess 
between the reactivity of SDS and that of 
SOS toward egg albumin. 

Redissolution of Precipitate-—The pre- 
cipitation curve of the SDS-egg albumin 
system and of the SOS-egg albumin system 
descends after reaching the maximum, with 
each position of the descending lines different. 
This means that the abilities of SDS and 
SOS to dissolve precipitate are different. As 
described above, at the point where only 
complex AD, exists (point 6b in Fig. 1, 
albumin/SDS=80/20), 40 molecules of SDS 
bind to one molecule of egg albumin. Eighty 
molecules of SDS bind to one molecule of 
egg albumin at a point where the redissolu- 
tion of precipitate begins (point c in Fig. 1, 
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albumin/SDS =67/33). A comparison of SDS 
molecules at these two points reveals that 
the latter is double that of the former. In 
the same way we can calculate the number 
of SOS molecules bound to one molecule of 
egg albumin at the point where only complex 
ADyw exists (point 6b in Fig. 2a) and at the 
points where redissolution of precipitate 
begins (points c, c’, c” in Fig. 2b). But here 
the ratio of bound SOS at two points is not 
double. 

As previously noted, it was proved by the 
electrophoretic experiment that the complex 
was formed in supernatants and that the 
complex and SDS coexisted in the region 
where SDS was in excess. This means that 
the composition of the complex is limited. 

Difference in Reactivity of SDS, SOS and 
SBS toward Egg Albumin.—<As pointed out, 
these three compounds, viz. SDS, SOS, and 
SBS showed different kinds of behavior in 
their reactions toward egg albumin. The 
CMC of SDS is 0.03% and that of SOS is 
1.39% in buffer solution at w=0.34. There- 
fore, within the concentration range of this 
study, SDS existed as a micellar colloidal 
solution, SBS behaved as a true solution, 
and SOS existed as a micellar colloidal solu- 
tion or as 2 true solution according to its 
concentration. 

There was no instant precipitation when 
SBS solution and egg albumin solution were 
mixed; but there was an instant precipitation 
when SDS or SOS solution and egg albumin 
solution were mixed. The main cause of 
this phenomenon is considered to be that 
SBS solution is a true solution and SDS and 
SOS solutions are colloidal. 

In the SOS-egg albumin system, there are 
two kinds of precipitation curves depending 
upon the concentration of SOS; one descends 
and the other does not. Considering the 
fact that the CMC of SOS is 1.39% ina 
buffer solution at w=0.34, we can deduce 
that when the concentration of SOS is over 
the CMC, the curve descends, and that when 
the concentration of SOS is below the CMC, 
the curve is horizontal. 

Difference in Egg Albumin and Horse 
Serum Albumin.—The precipitation curve 
of the egg albumin-SDS system begins at 
the original point in Fig. 1. But the pre- 
cipitation curve of the horse serum albumin- 
SDS system begins to the right of the 
original point in Fig. 7. In addition Yang 
and Foster” recently found by dialysis equi- 
librium method that the reactivities of egg 


9) J.T. Yang and J.F. Foster, J. Am. Chem. Soc., 75, 
5560 (1953). 
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Fig. 7. Precipitation curve of the system 
of horse serum albumin and sodium 
dodecyl sulfate at pH 4.2 and ionic 
strength 0.34. Total concentration is 
2.0%. 


albumin and bovine serum albumin toward 
sodium dodecyl-benzenesulfonate were dif- 
ferent. Thus, egg albumin and serum albumin 
behave in different ways toward the’ same 
detergent. That there are some differences 


‘in the structure of both proteins, may be the 


cause of this phenomena. 


Summary 


(1) Precipitation reactions between SDS 
and egg albumin, SOS and egg albumin, and 
SBS and egg albumin were studied. There 
was an instant precipitation when SDS and 
egg albumin solutions were mixed, and when 
SOS and egg albumin solutions were mixed, 
but not when SBS and egg albumin solutions 
were mixed. Comparing the precipitation 
curve of the SDS-egg albumin system and 
that of the SOS-egg albumin system, we can 
find that both detergents form a complex 
having the same formula AD, (A: albumin, 
D: detergent) in the region of protein excess, 
and therefore we can conclude that there is 
no difference between the reactivities of SDS 
and SOS toward egg albumin. On the con- 
trary, in the region where redissolution of 
precipitate occurs, the precipitation curves 
do not coincide. This means that the two 
detergents have different powers to dissolve 
precipitate. In addition, when the concentra- 
tion of SOS differs, the power to dissolve 
precipitate differs. 

(2) It was found electrophoretically that 
the complex is formed in turbid supernatants 
after centrifugation and also in transparent 
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solutions the composition of which is in the 
region where no precipitation occurs. 

(3) Observing the precipitation curves of 
the system horse serum albumin-SDS and 
the system egg albumin-SDS, we can see 
that there is a region where no precipitation 
occurs when a great excess of serum albumin 
is used; but there is not such a region when 
a great excess of egg albumin is used. 

(4) We measured the lowering of the CMC 
of SDS and of SOS caused by the increase 
in the concentration of buffer solution. The 
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lowering does not depend upon the kinds 
and pH’s of buffer solutions but upon the 
ionic strength of buffer solution which dis- 
solves detergent. 

We are sincerely grateful to Professor 
Rempei Goto of the Institute for Chemical 
Research, Kyoto University for his kind 
guidance during this study. 
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Characteristic Absorption Bands of Vinyl Ethers 


By Yukio MIkAwA 


(Received March, 16, 1955) 


The infrared spectra of vinyl ethers was 
investigated by G. D. Meakins'’, and by W. 
H. T. Davison and G. R. Baets”, but the 
feature of the spectra associated with the 
presence of --COCH=CHgz was not yet clear. 
In the present paper the infrared spectral 
data of a considerable number of vinyl ethers 
and ethyl vinylthioether are given, and the 
characteristic frequencies of vinyl ethers are 
discussed. 


Experimental 


a) Measurement.—A Perkin-Elmer Model 21 
infrared spectrometer, with a rocksalt prism, was 
used. The spectrum of methyl vinyl ether is 
measured in its gaseous state, the others in liquid 
state or 10% solution of carbon tetrachloride or 
of carbon disulfide. In the case of solutions no 
bands-shift owing to solvent effect is observed. 

b) Materials.—All of vinyl ethers and vinyl 
thioether are prepared in our Research Laboratories 
by applying the technique developed by W. Reppe 
and his co-workers. The purity of samples can- 
not be proved exactly, but distillations were 
repeated many times until all the impurity bands 
which had existed in the raw materials completely 
disappeared. The boiling point of each sample 
is as follows: methyl vinyl ether 5.5°C, ethyl 
vinyl ether 36.2°C, n-propyl vinyl ether 63.8°C 
isopropyl vinyl ether 55.0°C, n-butyl vinyl ether 
93.8-94.1°C, 2-ethylhexyl vinyl ether 53.8-54.2°C/7 
mmHg, benzyl vinyl ether 187.5-188.0°C, phenyl 
vinyl ether 49.5-50.0°C/13 mmHg, ethyl vinyl 
thioether 91.5-92°C. 

1 G.D. Meakins, J. Chem. Soc., 1953, 4170. 


2 W.H.T. Davison and G.R. Baets, J. Chem. Soc., 
1953, 2607. 


Experimental Results 


The observed spectra are shown in Fig. 1 and 
the wave-numbers of the observed absorption 
maxima of methyl vinyl ether are listed in Table I. 


TABLE [ 


THE FREQUENCIES OF THE ABSORPTION 
BANDS OF METHYL VINYL ETHER 


F —” —" Type of vibration Species 
3125 M CH str. of vinyl 
3065 M CH str. of vinyl 
3000 M CH str. of vinyl 
2951 M CH str. of methyl 
2842 M CH str. of methyl 
1655 Sh 2x817 A’ 
1630 P VS 
1618Q Sh CC str. of vinyl A’ 
1610R VS 
1481 Sh =CHy, def. A’ 
1462 Q M CH; def. (assym.) A’ 
1390 W CH; def. (sym.) A’ 
1335 P M . , : 
1325 Q M Po aaa def. A 
1312 R M 
1235 P vs ) 
1225 Q Sh CO str. A’ 
1212 R vs) 
1149 P,Q? M . ; 
1130 R M =CHy rock. A 
1085 VW CH; def. A’ 
1025 P,Q M CH, rocking A” 
1015 Q Ww CO str. A’ 
1003 R M 
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Frequen- liten- 
cies sity 
965 Q M 
945 Sh 
902 M 
880 M 


Ss =CHz, out-of-plane 
7 def. 


Type of vibration Species 


— CH =out-of-plane A” 
def. 


817 Q 


Interpretation 


a) Methyl Vinyl Ether 

Methyl vinyl ether has axes of internal 
rotation. Therefore, the determination of 
special configuration of this molecule is a 
very difficult problem. But the assumption 
that the molecule takes such molecular con- 
figuration as 


UH 


‘ /CH3 


SO 
makes it possible to have a reasonable inter- 
pretation of the absorption bands. 

In order to calculate the moment of inertia, 
further assumptions with regard to inter- 
atomic distances and bond angles are made. 
The CH, CO and CC distances for the mole- 
cule are assumed to be 1.07A, 1.42A and 1.34A, 
respectively. The HCH and COC angles are 
taken to be 116° and 110°, respectively. 
The principal moments of inertia are, then, 
18, 196 and 209 x 10-* g. cm”. 

As a preliminary guide to the interpreta- 
tion of the infrared spectra it is useful to 
consider what information may be expected 
from the band envelopes. The twenty-four 
normal vibrations of methyl vinyl ether are 
divided on the basis of symmetry C, into 
two classes: sixteen modes in species A’ and 
eight modes in A”. Five CH stretching, five 
skeletal and six CH deformation fregencies 
belong to the former class and one CH stretch- 
ing, one skeletal and six CH deformation 
frequencies belong to the latter class. Five 
of them (three A’ and two A”) are unlikely 
to be observed in the rock salt region. The 
envelopes of the A’ bands may be expected 
to have a hybrid character, each partaking in 
some degree of the conventional type A and 
type B contours. The A” bands have type 
C envelopes, and Badger tell and Zumwalt’s 
curves® show that the contours are characte- 
rized by very prominent Q branches. As a 
matter of fact, strong and clearly resolved 
A” bands can be identified without hesitation. 
An excellent example of the type C envelope 
is given in 817cm— band. This easy and 
definite identification of A” bands in the 

3) Badger and Zumwalt, J. Chem. Phys., 6, 711 

(1938). 


Characteristic Absorption Bands of Vinyl Ethers 111 


spectra is a valuable aid in the subsequent 
vibrational analysis. 

The envelopes of the bands at 1462, 965 
and 817cm™ clearly indicate that their type 
is C. The bands at 1149 and 1025cm— may 
also represent C type bands, although these 
overlap to the P branches of the other bands. 

It is helpful to consider the spectral regions 
in which the fundamentals may be expected 
to occur. The modes associated with the CH 
stretching vibrations appear in the vicinity 
of 3000cm~. Moreover, the bands due to 
=CH, or =CRH group which have wave 
numbers higher than 3000cm~ are disting- 
uishable from the CH; frequencies which ap- 
pear in a longer wave-length region. The 
C=C and C—O frequencies occur around 
1650-1600 cm-' and 1250-1000cm-' respec- 
tively. The CH out-of-plane deformation 
frequencies of mono-substituted ethylenes are 
assigned by several investigators® to two 
bands near 990 and 910cm~-'. In the present 
case, however, the corresponding bands are 
found in a somewhat longer wave-length. 
The reliability of these interpretations will 
be shown later. 

On taking into account the preceding dis- 
cussion and on comparing the spectral data 
on a series of other vinyl ethers and a vinyl 
thioether investigated in the present study, 
the tentative vibrational assignments are 
made and are given in the third column of 
Table I. (Weak absorptions in the overtone 
region are omitted from this table). 

b) Other Vinyl Ether and Ethyl Vinyl-thio- 
ether 

i) 3150-2800cm-' Region.—In this region 
there exist the CH stretching frequencies. 
The bands arising from the vinyl group 
should appear in 3200-3000cm- and in the 
case of methyl vinyl ether the three bands 
at 3125, 3065 and 3000cm™ were assigned to 
them. In the case of other vinyl ethers, 
nearly all compounds, except phenyl and 
benzyl vinyl ether, have three absorption 
maxima above 3000cm~' (shown in Table II), 
which are very similar to each other. This 
fact shows that the CH stretching vibrations 
of the vinyl group remain almost constant 
and are not remarkably affected by the other 
parts of the molecule. In the case of phenyl 
and benzyl vinyl ether, these bands overlap 
CH bands arising from phenyl group. It is 
of interest to note the fact that phenyl vinyl 
ether shows no band below 3000cm™ in this 
region because of the absence of saturated 
—CH.— or —CH; group. 

4) Sheppard and Sutherland, Proc. Roy. Soc., A196, 


195 (1949). Anderson and Scyfried, Anal. Chem., 20, 
998 (1948). 
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Fig. 1. Infrared spectra of vinyl ethers and ethyl vinyl thioether. 
A) Methyl vinyl ether D) 
B) Ethyl vinyl ether E) 
C) n-Propyl vinyl] ether F) 


Benzyl vinyl ether 
Phenyl! vinyl ether 
Ethyl vinyl thioether 


iso-Propyl vinyl ether G) 
n-Butyl vinyl ether H) 
2-Ethylhexyl vinyl ether I) 


TABLE II 
CHARACTERISTIC FREQUENCIES OF VINYL ETHERS CH,=CH—O—R 

R (CH) (C=C) (CH) (CO) (CH) (=CHz) 
CH;— 312d, 3065, 3000 1620 1323 1223 965 817 
C:H;— 3110, 3065, 3035 1610 1320 1205 967 810 
n-C;H7— 3120, 3070, 3046 1615 1323 1203 968 811 
iso—C;H7 3125, 3078, 3050 1614 1322 1203 969 812 
CyHo— 3100, 3060, 3023 1613 1323 1200 962 810 
CsHi7— 3098, —, 3015 1610 1320 1205 963 810 
C;H;CHe— a 1611 1320 1200 960 820 
C;H;— a 1644 1313 1235 965 806 
CH,=CH—S—Et 3080, —, _ 1585 1260 719b 960 860 

a) The CH stretching frequencies of vinyl group overlap with those of phenyl group. 

b) This is associated with the C—S stretching mode. 


ii) 1600cm— Region.—In this region every 
vinyl ether shows two absorption maxima. 
The stronger one is assigned to the C=C 
stretching frequency, and the other to the 
overtone of a CH out-of-plane deformation 
frequency arising from the =CH, group. 
The intensity of these two bands may be 
explained as the Fermi resonance between 
the C=C stretching frequency and the over- 
tone of 810 cm band, because the intensities 
of these two bands are not greatly different 


from each other. In the case of ethyl vinyl 
thioether, however, the overtone of the CH 
deformation frequency appears in the vicinity 
of 1720cm~— and its intensity is far weaker 
than the C=C bands at 1585cm™', and the 
Fermi resonance is excluded. In the case of 
ethyl #-chlorovinyl ether» which has no =CH, 
group, only one band appears in this region. 
Cis- and trans-ethyl-8-chlorovinylether absorbed at 


1649 and 1620cm™!, respectiveiy, according to the un- 


published data in our laboratories. 
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The frequencies assigned to C=C stretch- 
ing vibration are listed in Table II. One of 
the characteristic frequencies of alkyl vinyl 
ether is 1615+5cm™'. This frequency is 
rather low, as compared with the correspond- 
ing frequencies of mono-substituted ethylenes 
which are about 1650cm~. For explaining 
the shift from 1650 to 1615 cm~', the resonance 
between two mesomeric forms 


(II) 


is taken into consideration. The contribu- 
tion of the ionic form (II) makes the double 
bond character weak, and the band shift to 
somewhat lower position may be expected. 
In the case of ethyl vinyl thioether the C=C 
stretching frequency has a frequency as low 
as 1585cm~', which is explained in a similar 
way. In this case S atom has lower electro- 
negativity than O atom of vinyl ethers, and 
the ionic structure which is similar to (II) 
referred to above becomes more stable. 

In phenyl vinyl ether three bands occur in 
the vicinity of 1600cm~'; the first band at 
1653 cm is assigned to the C=C vibration 
of vinyl group, the second at 1635cm™ to 
the overtone mentioned before, and the last 
at 1600cm™ to the ring vibration of the 
phenyl group. In this case the status concern- 
ing the resonance form is somewhat different 
and the following five mesomeric forms are 
possible: 


(VII) 


The difference from the case of alkyl vinyl 
ether is that the three ionic forms (V), (VI) and 


(VII) in addition to (IV) contribute to the 
normal state. 
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The presence of these forms makes the 
contribution of structure (IV) smaller and the 
frequency of the C=C vibration of pheny] 
vinyl ether remains almost unshifted from 
those of usual mono-substituted ethylenes. 

iii) 1320cm— Region.—The band around 
1320 cm~ is the most important characteristic 
band to the vinyl ether, for every vinyl] ether 
examined shows a very strong band at 1321 
“+2 cm This band may be assigned to the 
CH in-plane frequency for several reasons. 
Stamn”™ carried out the vibrational analysis 
of vinyl acetylene and assigned the band at 
1288 cm to the CH in-plane rocking vibra- 
tion of vinyl group. Torkington and Thomp- 
son” investigated a series of vinyl halides and 
showed that the frequencies concerned are 
assigned to 1306, 1280, 1262 and 1229 cm™ for 
fluoride, chloride, bromide and iodide, respec- 
tively. It seems reasonable that the bands 
at 1321+2cm™ of vinyl ethers should be 
assigned to CH in-plane rocking frequencies. 
This conclusion is compatible with the assign- 
ment in the gaseous methyl vinyl ether from 
the consideration of band contours. Isopropyl 
vinyl ether has two bands at 1322 and 1340 
cm~', which may be associated with the two 
CH groups contained in the molecule, the 
one in the isopropyl group and the other in 
the vinyl group. In the other vinyl ethers 
examined, no other band is observed around 
1340 cm. 

Ethyl vinyl thioether shows a fairly strong 
absorption at 1260cm™ instead of 1340 cm™ 
This band is probably interpreted to the CH 
in-plane rocking frequency, although the rea- 
son for the band shift is uncertain. This 
rocking vibration may have considerable 
coupling effect with the C—S _ streching 
vibration. 

iv) 1200cm™ Region.—In general alkyl 
ethers, the C—O stretching frequencies are 
found around 1100cm™. In the present case, 
however, almost every vinyl ether shows a 
strong absorption at 12032:2cm™, which is 
assigned to the C-O stretching frequency. 
The C-O bond adjacent to vinyl group has 
a somewhat double bond character as a re- 
sult of the resonance effect referred to before. 
This is the reason why the frequency rises 
to a higher position. 

The C-S stretching frequencies in mer- 
captans and sulphides are found in the range 
700-600 cm“. The corresponding frequency 
of ethyl vinyl thioether may be assigned to 
the fairly strong band at 719cm™. 

6) Stamn; J. Chem. Phys., 17, 104 (1949). 


7) Torkington and Thompson, J. Chem. Soc., 1944, 
303. 
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v) Bands around 965 and 810 cm™'.—The 
bands around 965 and 810 cm™ are also found 
in all vinyl ether and are useful characteristic 
frequencies. The vinyl type double bond 
gives rise to two strong bands at 995-985 cm™ 
and 915-905cm~'*®, these being concerned 
with the CH out-of-plane vibration of the 
-CH=CR- and =CH, group, respectively. 
The bands of vinyl ethers around 965 and 
810 cm may be assigned to the corresponding 
frequencies, because these two bands are 
similar to the two bands referred to above 
in their intensity and constancy in frequency, 
and because the contours of bands at 965 and 
810cm~' in methyl vinyl ether show the C 
type. Both bands appear in considerably lower 
frequencies, as compared with the other mono- 
substituted ethylenes. Bellamy’s suggestion 
that the “overtone” bards afford a_ useful 
confirmation of the presence of the =CH, 
groupings,» may give another proof for the 
assignment of the bands around 810cm™ 


Summary 


The infrared spectra of methyl, ethyl, x- 
propyl, isopropyl, m-butyl, 2-ethylhexyl, ben- 
zyl and phenyl vinyl ether and also ethyl 


8) L.J. Bellamy, ‘‘ The Infrared Spectra of Complex 


Molecules’’, Methuen, London (1954). 


By Noboru MataGa, Yozo Kairu and Masao KoIzuMI 


Introduction 


In recent years many interesting papers'~”? 


have been published about the hydrogen 
bonding effect upon the visible or ultraviolet 
spectra of z-electron systems, and especially 
the beautiful work by S. Nagakura and H. 
Baba'»?}» has demonstrated that in suitable 
cases the quantitative studies on the equili- 
brium of the hydrogen bond formation is 
possible through such spectral investigations. 
There are, however, scarcely any quantitative 
1) S. Nagakura, J. Chem. Soc. Japan, 74, 153 (1953). 
S. Nagakura and H. Baba, J. Am. Chem. Soc., 74, 5693 
1952); S. Nagakura, J. Am. Chem. Soc., 76, 3070 (1954). 
2) S. Nagakura, J. Chem. Soc. Japan, 75, 734 (1954). 
3 H. Baba, Monograph Ser. Research Inst. Applied 
Electricity, Hokkaido, No. 4, 61 (1954). 
4) R. Miyasaka, Busseiron Kenkyu, No. 62, 94 (1951). 
5) H.Tsubomura, J. Chem. Soc. Japan, 73, 841, 920 
1952). 
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vinyl thioether were investigated over the 
region of 4000-650cm~'!. The assignment of 
the spectrum of methyl vinyl ether has been 
made by the aid of the bands contours. The 
absorption bands of the other were discussed 
and the characteristic frequencies of vinyl 
ethers are concluded as follows. 
(1) three bands near 3100cm™...... 
CH stretching of vinyl group 
) eS cw ...... C=C stretching 
(3S) tazit2cm...... 
CH in-plane deformation 
(4) 1208--Zcmr...... C-O stretching 
(3) Dea Cae 00s 
=CH- out-of-plane deformation 
(6) 8152-5cHr...... 
=CH. out-of-plane deformation 
The author wishes to express his sincere 
thanks to Prof. S. Mizushima and Dr. T. 
Shimanouchi of the University of Tokyo for 
their kind advice and encouragement and 
also to Mr. T. Arakawa for his earnest co- 
operation throughout this investigation. 


The author thanks also Mr. Matsuzawa for 
his kindness in preparing the samples. 
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Hydrogen Bonding Effect on the Fluorescence of =-Electron System 





studies for the hydrogen bonding effect upon 
the fluorescence of z-electron system, that 
is the effect of the addition of hydrogen 
acceptor (or donor) to the solution of fluores- 
cent hydrogen donor (or acceptor). Such 
studies would be interesting from the follow- 
ing three points of view. 

Firstly, it is expected that the fluorescence 
spectra would be affected by the hydrogen 
bond formation as was the case for absorp- 
tion spectra. The shift of absorption spectra 
due to the hydrogen bond formation gives 
of course the difference of the produced 
energy change of z-electronic system between 
the ground state and excited Franck-Condon 
state®, while for the fluorescence, the shift 
is to be attributed to the analogous difference 


6) N.S. Bayliss and E. G. McRae, J. Phys. Chem., 58, 
1002 (1954). 
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between the equilibrium excited state and 
Franck-Condon state of the ground level. 

Secondly, the formation of hydrogen bond 
would affect the fluorescence yield of the 
mother substance, and this effect would give 
valuable information for the mechanism of 
fluorescence quenching or in general the 
mechanism of inter-or intra-molecular energy 
transference. 

Lastly, there is a possibility that a new 
and different equilibrium of the hydrogen 
bond formation is reached during the lifetime 
of the excited state and this possibility would 
be examined through the studies of the flu- 
orescence. The situations are probably some- 
what analogous to the ionic dissociation of 
naphthols and other substances studied by 
Th. Forster and A. Weller®*, who confirmed 
that the tendency of dissociation is remark- 
ably greater in the excited state than in the 
ground state. 

In this paper the effects of the addition 
of various hydrogen acceptors to the solu- 
tions of a@- and #-naphthol used as fluorescer, 
have been examined from the above men- 
tioned viewpoints; particularly as to the 
third problem, i.e., the shift of equilibrium 
in the excited state. A quantitative treat- 
ment has been given with the result that 
B-naphthol in the excited state has a greater 
tendency toward hydrogen bonding, a new 
equilibrium being attained during its lifetime. 

The main object of the present paper is to 
report this fact with some discussion on the 
interaction of the hydrogen bond and z-elec- 
tron system. 


Experimental 


Reagent.—Chemical pure grade n-hexane was 
shaken with fuming sulfuric acid diluted with 
conc. sulfuric acid and distilled carefully. x- 
hexane thus purified was completely transparent 
throughout the whole spectral range measurable 
by the Beckman spectrophotometer. 

Merck’s analytical grade a-naphthol was used 
without any further purification. 

8-naphthol was of commercial supply, and pur- 
ified by repeated distillation in an atmosphere 
of dry nitrogen. 

Purified  #-naphthyl-methyl-ether was 
supplied by Shionok6éry6 Co., Ltd. 

Extra pure grade dioxane was purified accord- 
ing to the method of Weissberger”. 

Methylacetate was washed with the saline solu- 
tion several times and fractionated after being 
dried over anhydrous potassium carbonate. 

Ethyl and butyl acetate was dried over potas- 
sium carbonate and fractionated. 


kindly 


Ethyl chloro- 


7) Th. FGrster, Z. Elektrochem., 54, 42, 531 (1950). 

8) A. Weller, Z. Elektrochem., 56, 662 (1952). 

9) A. Weissberger and E. Proskaner, ‘‘ Org. Solvents” 
(1935), p. 110. 
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acetate was kindly supplied by Mr. M. Nakazaki of 
this Institute. Carbon tetrachloride was purified 
by shaking with conc. sulfuric acid. 

Apparatus.—Absorption spectra were measured 
by Beckman Spectrophotometer Model D. U. 

Fluorescence spectra were photographed with 
Hilger E. 2 type quartz spectrograph. High pres- 
sure mercury lamp or copper arc filtered with 
lem. thickness of potassium chromate 0.2¢./l. 
aqueous solution™ was used as a light source. 
Slit width was 0.3 mm. 

The relative intensity of fluorescence was mea- 
sured by a fluorometer kindly constructed by S. 
Kato. Its circuit is almost the same as that of 
Beckman spectrophotometer with the usage of 
the ultraviolet sensitive phototube purchased as 
a spare for Beckman apparatus. As a light 
source, a high pressure mercury lamp was used 
and 3100 A line was taken out as an exciting 
light through an aqueous solution of potassium 
chromate. To secure the constancy of the light 
source intensity, the beam in the direction oblique 
to that for excitation was passed through another 
potassium chromate solution, caught by anohter 
ultraviolet sensitive photocell, and a galvanometer 
deflection was kept constant by controlling a vari- 
able choke in the electric circuit for the mercury 
lamp. To eliminate 3100 & from the fluorescence 
light, Matsuda colour filters VVI and UVDI were 
employed. Under such conditions, the phototube 
receives the light from ca. 3200 4 to 4000 4, the 
range being enough to cover the fluorescence 
spectra of all the samples examined. 


Experimental Results 


1. Spectral Shift of Absorption and Flu- 
orescence caused by Hydrogen Bonding 

When the various proton acceptors are 
added gradually to the solution of naphthols 
in m-hexane, the absorption spectra show the 
characteristic changes due to hydrogen bond- 
ing, which are similar to those published in 
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7 
v(cm~! x 107%) 
Absorption spectra of @-naphthol. 
in n-hexane 
---- hydrogen bonded with butyl- 
acetate in n-hexane 


10 M. Kasha, J. Opt. Soc. Am., 38, 929 (1948). 
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literature”>; the maximum slightly shifts to 
the long wave length side with its extinction 
somewhat strengthened as shown in Figs. l 
and 2. The fluorescence spectra also show 








32 33 


yv(cm—! x 1073) 
Absorption spectra of a-naphthol. 
— in n-hexane 
---- hydrogen bonded with butyl- 
acetate in n-hexane 


Fig. 2. 


the red shift, the magnitude of which is 
nearly equal or slightly larger than that of 
the absorption spectra. Some examples of 
the relative intensity curves which were 
obtained by the visual observation of the 
plates, are shown in Figs. 3 and 4. Now it 


Arbitrary scale 
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v(cm x 107%) 
Fig. 3. Fluorescence spectra of 8-naphthol. 
. — in n-hexane 
---- hydrogen bonded with butylacetate 
in n-hexane 
(Visually observed blackening of photo- 
graphic plate) 


is highly plausible to attribute these spectral 
changes of fluorescence to the hydrogen bond- 
ing, but to confirm it further, the effects of 
the addition of the same proton acceptors to 


Hydrogen Bonding Effect on the Fluorescence of z-Electron System 


Arbitrary scale 





v(cm~! x 107%) 
Fluorescence spectra of a-naphthol. 
in n-hexane 
hydrogen bonded with butylacetate 
in n-hexane 
(Visually observed blackening of photo- 
graphic plate) 


the m-hexane solution of #-naphthylmethyl- 
ether were examined. 
This substance of which the absorption 


-and fluorescence spectra are quite similar to 


those of #-naphthol, is unable to form the 
hydrogen bond, and it was established that 
the addition of a large quantity of any proton 
acceptors cannot cause even a slight change 
either in fluorescence or in absorption. Hence 
there is no doubt that the above mentioned 
shifts in fluorescence spectra are due to the 
hydrogen bonding. 

2. Hydrogen Bonding Effect on the Flu- 
orescence Intensity 

The fluorescence of both a- and #-naphthol 
is remarkably quenched by ethylchloro- 
acetate, the magnitude of quenching be- 
ing somewhat greater in the former case, 
while in the case of dioxane and acetic acid 
esters other than ethylchloroacetate, the in- 
tensity increases more or less in both naph- 
thols. Some examples of these changes of 
fluorescence intensity by the added acceptors 
are shown in Fig. 5, where the ordinate is 
the relative intensity of fluorescence and the 
abscissa is the concentration of the proton 
acceptor. To check the fact that these inten- 
sity changes are really due to the hydrogen 
bond formation, the effect of the addition of 
similar proton acceptors to the solution of 
B-naphthylmethylether in n-hexane was exa- 
mined. Again, as in the case of fluorescence 
spectra, there was not observed any slight 
change of fluorescence intensity throughout 
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Proton acceptors (mol./l.) 


Fig. 5. 
1. Butylacetate at 10°C 
3. Cl-ethylacetate 


range of acceptor concentration 
from ca. 10-* to ~5x10-'mol./l. Further, 
it was ascertained that the fluorescence of 
neither §-naphthol nor p-naphthylmethylether 
was quenched by dichloromethane. Hence 
the ordinary collisional quenching may be 
excluded in this case and it is almost certain 
that the change of fluorescence intensity in 
the case of /-naphthol is completely due to 
the hydregen bond formation. 

3. Interpretation of the Variation of 
Fluorescence Intensily on the Basis of the 
Hydrogen Bonding Equilibrium 

It seems very plausible to attribute the 
observed changes of fluorescence intensity to 
the fact that the free naphthol and hydrogen- 
bonded naphthol have different efficiency of 
fluorescence and that the concentration of 
these molecular species are determined from 
the association equilibrium. But the question 
whether the situation does really correspond 
to such an equilibrium state, and further if 
it really holds, whether the equilibrium in 
question refers to the ground state or excited 
state, must be decided from the analysis of 
the experimental results. 

Thus when the equilibrium of the ground 
state is maintained during the course of 
fluorescence, then the equilibrium constant 
deduced from the experimental data of fluo- 
rescence intensity must coincide with that 
obtained from absorption spectra. On the 
contrary, when the state of association ap- 
proaches a new equilibrium state during the 
lifetime of the excited molecule, and until a 
new equilibrium state is almost completely 
reached prior to the emission, then the equi- 
librium constant deduced from the fluores- 
cence data may generally be different from 
that obtained from absorption spectra. And 
lastly, if the equilibrium is only partially 
reached in the excited state, the quantitative 


the whole 


at 25°C 


Change of relative fluorescence intensity of 8 naphthol 
by various proton acceptors. 


2. Methylacetate at 10°C 


relation deduced from the equilibrium con- 
sideration would fail to reproduce the experi- 
mental results. 

Now let us take up first, the case in which 
the association equilibrium in the ground 
state be maintained in the excited state. 
Since the concentration of a@- and $-naphthols 
employed for fluorescence measurement does 
not exceed 5x10~ mol./l., the phenomenon of 
self-quenching or concentration quenching 
can be neglected, and the deduction about 
the intensity may be made according to the 
following scheme invelving the association 
equilibrium in the ground state. In this 
scheme, D and A are respectively proton 
donor (fluorescer) and proton acceptor, and * 
denotes the excited state. 


Rate or equilibrium 
K=[DA]/[D][A] 
T4rs[D]/[D]+[DA] 
Ta»s{|DAJ]/[D]+[DA] 
k;\D*] 

k,'[DA*] 

k,|D*] 

ky [DA*] 


D+A——DA 
D+hig — D* 
DA+hy,’ — DA* 
D* — D+hp; 
DA* +DA+hp,’ 
D* ——> D 
DA*——> DA 


It must be noted that (2) and (3) can 
express the rate of light absorption of D and 
DA only under the condition that the extinc- 
tion of D and DA at the wave length of 
exciting light are the same; this condition is 
practically fulfilled in the case of @-naphthol. 
From the above scheme, the following simple 
relation can be derived for the relative fluo- 
rescence intensity f of the solution in which 
the concentration of A is [A], fo being the 
intensity of the pure naphthol solution. 


F/fo=(1+a@k{A))/(1+ATA]) 


or “143 i= K+ak(fo/f) 


where 
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a=0'/0, O=k;s/ks+ky, OD =R's/k's +k’, 

@ and ®O’ are respectively the quantum yields 
of fluorescence for D and DA. a, the ratio 
of these two quantities can easily be deter- 
mined from fo-value and the f-value of the 
solution to which A is amply added. To 
treat the problem more rigorously, it would 
be necessary to take into account the correc- 
tion for the difference in the sensitivity of 
the phototube toward different wave lengths, 
and for this correction the second term in 
a) will have to be multiplied by a certain 
factor. But in the present case, the spectral 
shift of AD against D being rather small, 
the above treatment may be practically exact. 

In the case of a@-naphthol in which the 
extinction of the hydrogen bonded naphthol 
differs to some extent from that of the free 
naphthol at the wave length of excitation, 
the relation (a) must be modified as follows. 


1—fo/f ~_ K+ © @K(fp/f) (b) 
[A] 

In this equation e and ¢’ are the extinction 
coefficients of the free and hydrogen bonded 
naphthols at the wave length of excitation. 

Next let us turn to the case in which a 
new and different equilibrium is realized dur- 
ing the life time of the excited state. If the 
extinction of D and AD are the same at the 
wave length of exciting light, then the sum 
of the rate of production D* and AD*, that 
is, the light absorbed per unit time is con- 
stant irrespective of the concentration of A, 
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and the following scheme may be used to 
derive the relative intensity of fluorescence. 


Rate or equilibr- 
ium constant 
D+hv,— D* 
DA+hv_’ + DA* 


} total Jans (1’) 


*4 . rr_[D*}[A] jo 
D*+A= DA K’= (DA*] (2’) 
kAD*] (3’) 
k-'|[DA*] (4’) 
D*—D k,{D*] (5’) 
DA*—DA k,'([DA*] (6’) 
The following relation (a’) analogous to (a) 
can easily be derived from the above scheme. 


1 —fo ‘4 
[A] 


In this equation K’ is related to the excited 
state and may generally be different from K 
in (a). 

When the extinction of D and DA is dif- 
ferent as in the case of a-naphthol, the 
matter becomes somewhat complicated but 
it can easily be verified that the following 
relation must hold. 


_fl+aK Al) { 
F/fo=\ TRAIN 


de=e’—e. 


D* + D+hp; 
DA* — DA+Ap,’ 


=—K’+akK"(fo/f (a’) 


K[A]4e/e ) 
1 \ 
+ K(A}4+1 | 
where 
If the experimentally obtained f,/f-value be 
K[A]4e/e )-! 


_ . — , 
multiplied by a factor 4=)1+ K{A]+1/ » 
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~f,/f linear relation of 8-naphthol for various proton acceptors. 


but. acetate 
met. acetate 
dioxane 


at 10°C 


(4) eth. acetate | at 25°C 
(5) Cl-eth. acetate) 
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which is easily calculated from the experi- 
mental data, then equation analogous to (b) 
will hold. 


1—(fo/f)4 
[A] 

Now the experimental results in the case 
of #-naphthol can be reproduced very satis- 
factorily by (b) or (a) as seen from Fig. 6, 
hence it is very plausible to consider that 
the equilibrium condition is realized in the 
excited state. The question whether this 
equilibrium state is the same or different 
from that in the ground state can be settled 
from the comparison of Ky-value obtained 
from the curves in Fig. 6 and A,-value 
obtained from the analysis of the absorption 
spectra which can simply be calculated by 
the method of Rosenblatt'. Thus if the 
equilibrium in the ground state is maintained 
during the emission process, Ky which cor- 
responds to K must coincide with Ka, while 
in the alternative case Kr which corresponds 
to K’ must be different from Ky. In Table I, 
the free energy changes of hydrogen bond 
formation 4F’ and 4F* as calculated from 
Ky and Ka are tabulated. As seen from 
Table I, 4F’)| is greater than | 4F*| in the 


=—K’'+akK"(fi/f)4 (b’) 


TABLE I 


a-Naphthol 

4F},, OVa,max 
(kcal., 
mol.) 


Proton 


a +f 
acceptor 4k ns 4k 303 


AF %o3 
0.27 1.30 
O27 1.3 


0.90 1.27 


Methylacetate 1.49 1.8 0.3 
Ethylacetate 1.57 0.4 
Butylacetate 1.62 2. 0.4 


Ethyl-Cl- 1.08 
acetate 


0. 27 


0.00 


B-Naphthol 


Ova,max 
(keal., 
mol.) 


> 
Proton 4F% 


c. rr. 
acceptor 233 283 


AF Sa3 


Dioxane 1.50 1. 65 0.15 0. 65 
Methyl- 1.82 —2.48 
acetate 


Butylacetate 1. 80 


0. 66 0. 70 


-1.00 1.00 


AF hog 


OVa,max 
(keal./ 


4F Ly 
4F'% 3 mol.) 


AF 9 


Ethylacetate 1.67 2.04 0. 37 0.95 1.29 


Ethy!-Cl- ‘ ™ ie 
acetate 1.29 1. 85 0. 56 


-0.80 0.20 
case of 6-naphthol; hence it can be concluded 
that the equilibrium of hydrogen bonding 
shifts toward the association during the life 
time of the excited state. 


11) D.H. Rosenblatt, J. Phys. Chem., 58, 40 (1954). 
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As for the case of a@-naphthol, we have 
not yet succeeded in obtaining the data 
which are reliable enough to test the equa- 
tion (b) or (b’). The data in Table I are 
only provisional in nature, but scarcely any 
doubt remains that 4F/) values are always 
greater than _4F* values in this case too. 


Discussion 


a) The Shift of Absorption and Fluores- 
cence Spectra due to Hydrogen Bonding 

For the discussion of the solvent effect on 
the absorption spectrum in general, it is 
customary to take the shift of absorption 
maximum as a change of the pure electronic 
excitation energy. But this is in general, a 
very crude approximation, because the for- 
mer corresponds to the difference between the 
energy change of the Franck-Condon state 
of excited level and that of the equilibrium 
state® of the ground level. Thus in the case 
of the hydrogen bonding effect, the shift of 
the absorption maximum 4Jyp*>s (positive for 
the red shift) may be put as follows. 


h 4vabs = AF abs =(F,,’ — E zy) —(Eoe’ —Ene”) 
= 4E,’— 4E.” (1) 
where ’ and refers respectively to the 
excited and the ground state and the suffix 
o and H denote free and hydrogen-bonded 
state, while f and e refer to the Franck- 
Condon state and the equilibrium state. As 
for the shift of the maximum of fluorescence 
spectra on the other hand, the following 
relation must hold. 
hAv!' = 4E!=(Ey’—E m’)—(Eor”—E ny”) 
= 4E.’— 4E;” (2) 
4ypabs + 4p" 


From (1) and (2) it is clear that a 


is a better approximation as a change of 
pure electronic excitation energy; in fact if 
the potential diagrams are symmetrical 
around the equilibrium point, then this ap- 
proximation will give an almost exact value. 

In the present case, however, it may be 
permitted to take 4v?>s as a change in a 
pure electronic energy, because 4yv’' does not 
in general differ much from 4v*>, Hence 
such a convention is followed throughout the 
present discussion, especially in view of such 
a case as ethylchloroacetate where the fluo- 
rescence is so faint that 4yv’ cannot be 
decided. 4y™** for various proton acceptors 
are tabulated in Table I. 

From Table I, it is seen that | 4F’| — | F% 
is nearly equal to 4y™4* for every acceptor 
added to §-naphthol. Of course it is more 
desirable to compare 4y™@* with the energy 
of the hydrogen bond, not with the free 
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energy; the evaluation of the former, how- 
ever, necessitates the measurement at dif- 
ferent temperatures, which in the present 
apparatus is extremely difficult. Tentatively 
neglecting the entropy factor, one may con- 
sider that 4v™@* is approximately equal to 
the difference of the energy of the hydrogen 
bond between -the excited and the ground 
state. 

b) The Intensity of Fluorescence affected 
by the Hydrogen Bond 

In all the cases except ethylchloroacetate, 
the intensity of fluorescence is increased 
more or less by the hydrogen bond formation, 
and the quenching constant k, may perhaps 
be reduced by the hydrogen bond formation. 
This presumption can be further confirmed 
by the following deduction. 

Since the first and the second absorption 
regions are fairly well separated in the case 
of §-naphthol, one can easily estimate the 
spontaneous emission probability from the 
integrated absorption by the formula of 
Ladenburgy'”? 

kry=3 x2. 303 x (10*/N) x 82en?*Sexsdv 

From the k;-value thus calculated and the 
a-values tabulated in Table I, the comparison 
of k, and k,’ can easily be made on the basis 
of the following relation, 


= ee ky 

Oo Ry’ +k.’ / ky+Rg 

The result is that k,’ is smaller than kg 
in the case of dioxane, acetic acid esters 
other than  ethylchloroacetate, and _ that 


— 1 1 
Ry’ +R! ky+ho 
more than 10% in these cases. 

The quenching phenomenon observed in 
the case of ethylchloroacetate may be a very 
interesting example from the standpoint of 
the energy transfer. In the case of #-naph- 
thol, this quenching effect can undoubtedly 
be attributed to the formation of the hydro- 
gen bond on the basis of the already men- 
tioned facts. But in the case of a@-naphthol 
some ambiguity remains since the theoretical 
relations cannot represent the experimental 
data so successfully as in the case of £B- 
naphthol, and moreover, no particular experi- 
ments using a@-naphthyl methyl ether was 
performed. The collisional quenching might 
possibly participate in this case making the 
result very complicated. Though the ques- 
tion still remains to be settled in future, 
it is quite certain that a large part of quench- 


12) R. Ladenburg, Z. Phys., 4, 451 (1921); R.C. 
Tolman, Phys. Rev., 23, 693 (1924); E.J. Bowen and 
W.S. Metcalf, Proc. Roy. Soc., A206, 437 (1951). 


a 


does not differ from t= 
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ing in this case may also be due to the 
hydrogen bond formation. For the system 
consisting of 6-naphthol and ethylchloroace- 
tate, it was established by the above men- 
tioned estimation that k,’ is far greater than 


, 


ka and that TPT In connection with 


the quenching action of ethylchloroacetate 
on #-naphthol, it may be worthy to add that 
we have measured the fluorescence quenching 
of f$-naphthol and f-naphthyl methyl ether 
caused by the addition of carbon tetrachloride 
and have found that the change of relative 
fluorescence yield obeys the Stern-Volmer 
relation very well with the same quenching 
constant in both cases. Thus the mechanism 
for the quenching of fluorescence of #-naph- 
thol by carbon tetrachloride is evidently 
quite different from that by ethylchloroace- 
tate. The former may parhaps be interpreted 
as the ordinary collisional quenching though 
its microscopic mechanism is still open to 
question, especially in view of such facts as 
observed by E. J. Bowen and R. J. Cook'” 
that the temperature coefficient of the fluo- 
rescence quenching of anthracene and its 
derivatives caused by chloroform and bromo- 
benzene is negative. In fact, Bowen and Cook 
insist on the complex formation between the 


’ excited molecule and the quencher molecule 


and suggest that the charge transfer inter- 
action between them induce the excited mol- 
ecule to go to the triplet state. 

Turning to the case of #-naphthol and 
ethylchloroacetate where the fluorescer and 
the quencher are certainly combined by the 
hydrogen bond, an interpretation analogous 
to that of Bowen and Cook may be plausible, 
but it is also possible to consider that the 
excitation energy is efficiently dissipated by 
Cl-atom, which in this case is closely con- 
nected with the fluorescer molecule by the 
hydrogen bond. At any rate it may be hoped 
that a key to clarify the microscopic mecha- 
nism of the quenching phenomenon in general 
can be got by further investigations of such 
systems. 

c) The Mechanism of the Hydrogen 
Bonding Effect 

According to our results, it is quite evident 
that the excited naphthol molecules have a 
greater tendency to form the hydrogen bond 
and that at least in the case of §-naphthol 
a new and different equilibrium state is 
reached during the lifetime of its excited 
state. An analogous phenomenon has also 
been found by Ejisenbrand'®. He reported 


13) E.J. Bowen and R.J. Cook, J. Chem. Soc., 1953, 
3059. 


14) J. Eisenbrand, Z. Elecktrochem., 55, 374 (1951). 
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that 8-quinolinesulfonic acid in the aqueous 
solution has a greater tendency to form the 
complex associate with resorcine in the ex- 
cited state on the basis of the studies of the 
fluorescence. 

The present investigation has afforded 
another notable example, and this example 
seems to be particularly valuable since it 
enables us to make a quite interesting inter- 
pretation about the mechanism of the hydro- 
gen bonding effect. 

As to the shift of absorption spectra due 
to the hydrogen bonding, the following pla- 
usible interpretation'- has been given on 
the basis of the electron migration theory 
developed by Sklar and Herzfeld’. 

Taking phenol as an example, the close 
approach of the electronegative atom of the 
proton acceptor causes a decrease in the 
ionization potential of the non-bonding 2p 
electron in the OH radical by inductive or 
direct effect, which eventually makes easier 
the migration of non-bonding electrons into 
the vacant orbital of z-electron system. Then 
the rate of electron migration in the excited 
state will be greater than in the ground 
state, since one electron in the highest level 
of the ground state has been raised to a 
higher level. From this view point, the val- 
ues Of Ova,max tabulated in Table I may be 
interpreted as the difference of the stabili- 
zation due to the electron migration between 
the excited and the ground state. Now, as 
already stated, the difference of the hydrogen 
bonding energy between the excited and the 
ground states as revealed from 4F%—4F* 
roughly coincide with 4vamax. Hence it may 
be concluded that the extra stabilization en- 
ergy of hydrogen bonding in the excited state 
is almost exclusively due to the increased 
electron migration. 

The present result is noteworthy for the 
interpretation of the nature of the hydrogen 
bond in general and particularly of the inter- 
action between the hydrogen bond and z- 
electron system. 


15) A.L. Sklar, J. Chem. Phys. 7, 984 
Herzield, Chem. Rev., 41, 233 (1947). 


1939); K.F. 
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Further studies on analogous systems are 
now going on. 


Summary 


1. The absorption and fluorescence spectra 
of a-, B- naphthols and related compounds 
were measured in various mixed solvents in 
connection with the hydrogen bonding phe- 
nomena. The observed spectral shifts of 
absorption and fluorescence spectra, which 
were almost the same (~30 A), could be 
solely attributed to the hydrogen bonding 
effect. 

2. It was found that the fluorescence in- 
tensity becoms stronger by hydrogen bond- 
ing when dioxane and acetic acid esters other 
than ethylchloroacetate are used as the pro- 
ton acceptors. In the case of §-naphthol, it 
was established that the rate of inner quen- 
ching is decreased by hydrogen bonding. 
When ethylchloroacetate was used as a pro- 
ton acceptor, fluorescence quenching was ob- 
served, which is also to be attributed to 
hydrogen bonding. 

3. For B-naphthol, the measurement of the 
relative intensity established the fact that a 
new and different equilibrium state of hydro- 
gen bonding, which shifts somewhat toward 
association, is reached during the life time of 
the excited state. 

4. The mechanism of hydrogen bonding 
was discussed on the basis of the theory of 
electron migration, and it was concluded that 
the observed extra-stabilization of the hydro- 
gen bond in the excited state as compared 
to the ground state, is mainly due to the 
increase of electron migration in the former 
state. 


The authors express their cordial thanks 
to Mr. S. Kato for constructing the fluoro- 


meter. They also thank to Mr. M. Nakazaki 
and the Shionokoryo Co., Ltd. for valuable 
samples. Thanks are also due to the Mini- 
stry of Education for a grant in aid. 
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The State of Metal Ion in Aqueous Solutions and its Surface Chemical 
Effects. III. Rheological Study for the Effect of Metal Ions on the 
Monolayer of Stearic Acid 


By Hideo KrimizuKa’* 


(Received August 26, 1955) 


So far a number of investigations have 
been carried out on the metal ion-monolayer 
interaction. The remarkable effects of poly- 
valent or transition metal ions on the fatty 
acids were shown by the studies of the 
monolayers’, built-up film® and wetting”. 
Although the effects are characterized by the 
formation of rigid film over a pH range 
characteristic of each ion',”», the quantitative 
measurement of viscoelasticity has not yet 
been carried out on the system, so the appli- 
cation of the rheological technique to the 
system may be expected to give more detailed 
information concerning the interaction. The 
present paper describes the result obtained 
by this technique and gives an explanation 
for it. 


Experimental 


The monolayer of stearic acid was prepared 
by spreading it from a benzene solution on the 
substrates containing 10-4 mol./l. salts of various 
kinds. The salts were used as chloride, nitrate 
and sulfate, which were purified by recrystalliza- 
tion. Of these salts, the effect of anion on the 
monolayer of stearic acid was found negligible”. 

The surface pressure was measured by the 
method already described elsewhere”. 

In Fig. 1 the rheometer is shown, in which A 
is a brass ring, 6cm. in diameter, coated with 
paraffin, B, the platinum ring, 4cm. in diameter 
C, the mirror, D, the suspension wire of phosphor 
bronze, 40y% in diameter and 30cm. in length, the 
torsion constant of which being 0.328 dyn. cm., 
and E, the torsion head. In this figure A and B 
are allowed to move vertically by means of a 
screw F and are made to touch the surface of 
solution, B can rotate around the wire axis while 
A is fixed. With this apparatus the rheological 
behavior of the surface film was measured as 
described in the preceding paper». The time 


* Present Address: Chemical Institute, Fukuoka 
Gakugei University. 

1) R. Matsuura, This Bulletin, 24, 274, 278 (1951). 

2) G.A. Wolstenholme and J.H. Schulman, Trans. 
Faraday Soc., 46, 475 (1950); 47, 787 (1951), etc. 

3) M. Muramatsu and T. Sasaki, This Bulletin, 25, 
21, 25 (1952). 

4) A. Inaba, Ibid., 25, 175 (1952); 26, 43 (1953). 

5) T. Sasaki, ibid., 14, 796 (1941); R. Matsuura and 
I, Hayashi, Memoirs of the Faculty of Science, Kyusyu 
University, Ser. C, 1, 31 (1948). 

6) T. Sasaki and H. Kimizuka, This Bulletin, 25, 318 
(1952); H. Kimizuka, ibid., 26, 449 (1953). 








Fig. 1. Rheometer. 


scale taken for rheological measurement was five 
minutes. The experiments were carried out at 
room temperature and pH was controlled using 
hydrochloric acid and sodium hydroxide. 


Result 


When the suspension wire having the torsion 
constant of 1.24«10-2 dyn.cm. was used, the mono- 
layer of stearic acid giving the area of 20.5 A2/ 
molecule on distilled water showed the rheological 
behavior of Voigt model at 20°C, viscosity coef- 
ficient being 0.13 g./sec. and modulus of rigidity, 
8.4x10-dyn./em., with the elastic limit (yield 
value) of 9.0x10-*dyn./cem. This suspension wire 
has, however, too small torsion constant to mea- 
sure the mechanical behavior of an extremely 
rigid film formed by the interaction with metallic 
ion, so the other experiments were carried out 
with a different suspension wire already men- 
tioned, towards which the monolayer of stearic 
acid, spread on the substrates containing no metal 
ion, behaved as the fluid film for all the region 
of applied pH. The rigid film thus formed could 
hardly be rendered fluid when the solution of 
ethylene diamine tetraacetic acid (EDTA) was 
injected, while the formation of rigid film could 
not be observed when EDTA was added to the 
substrate containing metallic ion before stearic acid 
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was spread on it. This is a similar phenomenon 
to that reported in a preceding paper?) and may 
be ascribed to be the prevention of the formation 
of metal stearate due to the EDTA-complex for- 
mation. Consequently the developments of visco- 
elastic property may be considered due to the 
formation of network structure of insoluble metal 
stearate films. 

Some of the results for the interacted film are 
shown in Figs. 2a and 2b, in which the surface 
pressure, F’, and the yield value, Y, of the film 
are plotted against the area per stearyl group, A. 
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Pressure-area and yield value- 
area curves of the monolayer of stearic 
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Fig. 2a. 

















In this figure the area of the solidification of 
surface film, As, is indicated by that of the 
sudden development of the yield value. In Fig. 
3 As—pH diagrams are shown for the various 
metallic ions. 
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area curves of the monolayer of stearic 
acid on substrate containing calcium 
ion at pH 10.6. 
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of the monolayer of stearic acid on 
substrates containing various metallic 
ions. 


The metallic ions forming the solid film are 
classified into two groups based upon the mecha- 
nical behaviors of the films as in a former 
report, namely, one exhibiting Voigt model and 
the other, Maxwell model; they are summarized 


TABLE I 
MECHANICAL BEHAVIOR OF STEARATE FILM 


Change of mechanical model 


Ions ; ; 
with decreasing area 


Group 1; Li, Ca, 
Sr and Ba 


Group 2; Th, Al, 


Viscous flow — Voigt model 


Viscous flow — Maxwell model 








Fe, Co, Cu and — three parameter model*> 
Zn ~ elastic behavior 
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Fig. 4. Yield value-pH curves of the 


monolayer of stearic acid on substrates 
containing cobalt and strontium ion. 


8 H. Kimizuka, This Bulletin, 26, 30 (1953). 
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in Table I. The presence of the ions, Na, K, Rb 
and NH,, in the substrates yields no perceptible 
solid film in the present experiment. 

The strength of the interacted film varies, in 
general, with pH. Thus, in Fig. 4 the yield 
values of the films at 20 4/stearyl group on the 
substrates containing Sr or Co ions are plotted 
against pH. 

The effect of colloid in the substrate was also 
investigated. A solution of ferric chloride was 
introduced into boiled water to prepare the col- 
loidal solution of ferric hydroxide, and then the 
colloidal solution was dialysed with distilled water 
till the dialysate was no longer colored red with 
potassium rhodanide. Fig. 5 shows the F'—A and 
Y—A diagrams for the effect of colloid and the 
freshly prepared solution of ferric chloride at pH 
6, the former contains 5107 mol./l. of FeO; and 
the latter, 10-4 mol./l. of FeCl. 
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Area, A2/molec. 
Surface pressure-area and yield 
value-area curves of the monolayer of 
stearic acid on substrate containing 
ferric ion and ferric hydroxide sol at 
pH 6. 


Fig. 5. 


Discussion 


The previous works on the effect of metal- 
lic ions on stearic acid suggested the classi- 


fication of them into three groups. In con- 
formity with this the same conclusion was 
also accepted in the present experiment. The 
results obtained are summarized in Table II 
together with those of the other experiments’ 

Here, the characteristic region of pH exhi- 
bited by a metal ion of group 2 agrees with 
those found in the other phenomena listed 
in this table. All these facts can reasonably 
be explained as due to the interaction be- 
tween the monolayer and metallic ion in the 
substrate. It is interesting to note here 
that the mechanical behavior of the interac- 
ted monolayers with lst and 2nd groups cor- 
respond to those of the adsorbed layer of 
the solutions of the micellar and the high- 
polymeric materials® respectively. 

Of the group 1, the formation of simple 
stoichiometric compound was suggested®!, 
which may also explain our result of the 
formation of condensed solid film. Recently 
it has been shown in the preceding paper!” 
and also in other report! that the film-bound 
Ca and Sr increase with pH. Fig. 4 shows 
the increase in the strength of strontium 
stearate film with the increase in pH,in which 
the pH of solid film formation coincides with 
that of appreciable amount of film-bound 
ion™, A similar correlation is recognized in 
this figure for the film of cobalt stearate. 
This fact may indicate that the rheological 
technique is another useful means for the 
study of surface film interaction. Ellis and 
Pankhurst’ studied the interaction between 
the colllagen monolayer and tanning materials 
by means of the surface viscosity measure- 
ment and showed that the interaction results 
in a change in surface viscosity. This tech- 
nique, however, would be rather inadequate 
to obtain the information about the structure 
of film, because the surface viscosity mea- 
surement may be carried out on the film 
which has been destroyed. 


TABLE II 
EFFECT OF METAL IONS ON STEARIC ACID 


Groups 1 
Ions Li, Ca, Se, Ba 
Region of pH Alkaline gegion 
Rheological behavior of Condenced soid filim 
stearate film 
F'—A behavior of stea- Insoluble condensed film 
rate film) 
Wettability of solid sur- Non-wettable 
face of steari cacid® 
Adsorption of ion on the Lowconstant adsorption 
built-up film* independent of pH 
9) W.D. Harkins and E. Boyed, J. Phys. Chem., 45, 
20 (1941). 
10) T. Sasaki and M. Muramatsu, This Bulletin, in 
the press. 


9 3 


Th, Fe, Al, Co, Cu Na, K, Rb, NH, 


Characteristic region of Alkaline region 
each ion 
Expanded soid filim Fluid film 


Extended film Soluble film 


Wettable Wettable 


Dissolution of built-up 
film 


Profound rdsorption 


11 E. Havinga, Rec. trav. chim., 71, 72 (1952). 
12 S.C. Ellis and K.G.A. Pankhurst, Diss. Faraday 
Soc., No. 16, 170, (1954). 
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Of the second group, the rheological pro- 
perty of interacted film was already investi- 
gated by a somewhat different means”. As 
seen in Fig. 2a, As may be accounted for as 
the area of completion of network structure 
of the metal stearate and the solid film thus 
formed is strengthened with the successive 
compression of the film as shown by the 
increase in the yield value. Further, it may 
be pointed out that As is a characteristic 
point other than Ay;, the limiting area esti- 
mated from the F-A diagram, since the value 
of Ay is frequently different from that of 
As. Further, As is defined more clearly than 
Ay as seen in Fig. 2a. Similar results were 
observed for the monolayer of high polymeric 
materials'®. 

As shown in Fig. 5, the values of Ay are 
not so different from each other (about 25 
A?/mol.) on the both substrates, the solution 
of ferric chloride and the ferric hydroxide 
sol, while the values of As are widely dif- 
ferent namely 27 A?/mol. for the former and 
50 A?/mol. for the latter. This probably 
means that the presence of a larger aggregate 
capable of interaction with the monolayer is 
responsible for the larger area of solidifica- 
tion which is also our common view as 
reported in the former papers'*»®, In the 
characteristic region of pH, in which the 
rigid film of metal stearate are produced by 
the ions of 2nd group, the ions may be 
hydrolysed in various grade™', i.e. may 
exist as the various forms of dispersion from 
the simple ion through the basic metal ion 
finally to the colloidal aggregate’”. So these 
various forms of solute seem to have much 
to do with the formation of complex metal 
soap. Further investigations will, however, 
be required to obtain more detailed informa- 
tion on the mechanism of interaction. 


Summary 
The effect of metallic ions on the monolayer 


13) T. Tachibana and K. Inokuchi, J. Colloid Sci., 8, 
341 (1953). 

M4 N. Bjerrum, Z. Phys. Chem., A110, 656 (1924); 
R.E. Connick and W.H. McVey, J. Am. Chem. Soc., 71, 
3182 (1949); B.O.A. Hedstrém, Arkiv. for kemi. 6, 1 
(1952); R.M. Milburn and W.C. Vosburgh, J. Am. Chem. 
Soc.. 77, 1352 (1955), etc. 

15 H. B. Weiser, ‘‘Inorganic Colloid Chemistry”’ 
N. Y. (1935), Vol. II; J. D. Kurbatov and M. L. Pool, 
Phys. Rev. 65, 61 (1944); M. H. Kurbatov, H. B Webster 

nd J. D. Kurbatov, J. Phys, & Colloid Chem., 54, 1239 


(1950), etc. 
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of stearic acid was studied by the rheologi- 
cal method. 

(1) It was shown that the development 
of visco-elastic property of the film is closely 
correlated with the formation of metal soap. 
Result obtained by the rheological measure- 
ment enables us to classify the metal ions 
into three groups; Li, Ca, Sr and Ba belong 
to the lst, showing the formation of the 
condensed solid film and the rheological be- 
havior of Voigt model; Th, Fe, Al, Co, Cu 
and Zn, the 2nd, exhibiting the formation of 
the expanded solid film and the rheological 
behavior of Maxwell model; Na, K, Rb and 
NH,, the 3rd, forming no solid film. These 
results were discussed in relation to the 
phenomena observed in the studies of the 
metal ion monolayer interaction, the adsorp- 
tion of ion on the built-up film and the effect 
of ion on the wettability of a solid surface. 
These phenomena could be correlated with 
the formation of simple soap or complex 
metal ion-monolayer aggregate, the Ist and 
3rd resulting in the former and the 2nd, in 
the latter. 

(2) It was frequently observed for the 
interacted film with the ions of the 2nd 
group that the area of solidification is larger 
than the limiting area estimated from the 
surface pressure-area curve, while in the case 
of the film with the ions of lst group the 
values of both area coincide with each other. 

(3) It was shown that the monolayer of 
stearic acid, spread on the substrate contain- 
ing ferric hydroxide sol, formed an expanded 
solid film. 

(4) It was shown for Co and Sr ions that 
the strength of interacted film is a measure 
of film-bound ion. 


In conclusion, the author expresses his 
hearty thanks to Prof. T. Sasaki of Tokyo 
Metropolitan Univ. for his kind guidance and 
encouragement throughout this study and 
he is also indebted to Assistant and Prof. R. 
Matsuura of Kyusyu Univ. and to Mr. M. 
Muramatsu of Fukuoka Gakugei Univ. for 
suggestions and criticism. 
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Vapor Pressures of Molecular Crystals. XI. 


XI. Vapor Pressures of 


Crystalline Urea and Diformylhydrazine. Energies of Hydrogen Bonds 
in these Crystals 


By Keisuke Suzukr*, Shun-ichi OnisH*, Tsutomu KoIpE** 


and Syuzo SEkI 


(Received September 5, 1955) 


Introduction 


Although reliable data about the energy 
of OH---O type hydrogen bond in crystals 
have been recently accumulated considera- 
bly')**, those for NH---O type are very 
scanty. The hydrogen bonds of the latter 
type, however, play an important role in the 
properties of synthetic polyamide fibres as 
well as in biological systems generally. 

In order to obtain the energy of hydrogen 
bond with a definite meaning, it is very 
desirable to investigate a crystalline sub- 
stance, of which the structure is completely 
determined and hence the mode of formation 
of hydrogen bond between molecules is ac- 
curately clarified. Recently, the crystal struc- 
tures of these compounds given in the title 
have been determined very accurately”, so 
we have undertaken to determine the energy 
of hydrogen bond in these materials. 


Experimental 


A) Apparatus and Procedures.—Vapor pres- 
sures were measured by the effusion method. The 
details of the apparatus and the procedures were 
reported previously”. 

B) Samples.—i). Urea.—The first-class-grade 
urea of Wako Pure Chemicals Co. was recrystal- 
lized twice from ethyl alcohol solution and then 


* Present Address: Department of Chemistry, Faculty 
of Science, KSbe University, Mikage, K6be. 

** Present Address: The Institute of Scientific and 
Industrial Research, Osaka University, Hirakata. 

*#* Present Address: Chemical Laboratory, Osaka 
Liberal Arts University, Osaka. 
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S. Seki and K. Suzuki, This Bulletin, 24, 63 (1951). 
Present investigation was reported at the Annual Meet- 
ing of the Chemical Society of Japan in 1953. 

2) I. Nitta and S. Seki, J. Chem. Soc. Japan, 69, 141, 
143 (1948). 

3) L. Pauling, ‘‘ Nature of Chemical Bond” (1941). 

4) R.E. Rudin, F.E. Harris and L.K. Nash, J. Am. 
Chem. Soc., 74, 4654 (1952). 

5) Urea: P. Vanghan and J. Donohue, Acta Cryst., 5, 
530 (1952). 

6) Diformylhydrazine: I. Nitta, Y. Tomiie and 
C.H. Koo, Presented at the Third Congress of the Inter- 
national Union of Crystallography in Paris (1954). 

7) I. Nitta, S. Seki, M. Momotani and S. Sato, J. 
Chem. Soc. Japan, 71, 378 (1950). 


sublimated fractionally under high vacuum (ca. 
10-5>mmHg). Melting point 132.0-132.5°C. 

ii) Diformylhydrazine.—This specimen was 
given by Mr. Tomiie in our laboratory. It had 
been kindly sent him by Professor Aston through 
Dr. Class at the Pennsylvania State University. 
This material was recrystallized twice from aqu- 
eous solution and then sublimed fractionally under 
high vacuum (ca. 10-> mmHg). Melting point 
158.2-158.5°C. 


Results and Discussion 


Vapor pressure data of urea and diformyl- 
hydrazine are given in Tables I and II. Their 
vapor pressure equations derived from them 
by the method of least squares are also given 


TABLE I 

VAPOR PRESSURES OF UREA 

t°C P mmHg x 10? 
72. 88 1.59 
76. 32 18 
78. 34 55 
81. 68 51 
86.14 10 
89. 41 26 
92. 49 01 
95. 05 2 


SRAvwnyp 


a" 


4579 
log P=10. 44-2" 
og T 


TABLE II 

VAPOR PRESSURES OF DIFORMYLHYDRAZINE 
is P mmHg x 103 
97. 2.13 
100. 
103. 
106. 
112. 
113. 
120. 
124. 
126. 
129. 


Noo & HD © 


NN = © 


log p=11.53-234 
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at the bottom of each table. Heats of subli- 
mation (4H sub), entropies of sublimation 
4S sub) and standard free energies of subli- 
mation at 25°C (4G°a9s.;5) calculated from the 
vapor pressure equations are given in Table 
III. 


TABLE III 


4H(kcal., TP 4G "392615 
mol.) ds(e.u) (kcal./mol.) 
Urea 20.95-+0.21 34.5940.59 10.64+0.03 
Diformyl- 94 1940.13 39.60+0.30 12,29+0.03 


hydrazine 


In order to obtain the energy of the hydro- 
gen bond, it is necessary to derive, first, the 
lattice energy from the heat of sublimation, 
which is given by the following equation: 


oO 7 aG S 
4H, =L°+Wo+(Etrt+Ero— Ev.) 
( eu.v.—Em.v.) +n: dH assn 
where L° is the lattice energy of solid at 
absolute zero; Woe the work done by evapo- 


° -T* aG 
ration of the vapor (~RT); Erp the transla- 


, : 3 -_ 
tional energies of gas molecules (= 9 mT); 
E&, the rotational energies (~3 RT); Exy.. 
the energy of lattice vibration (3RT for 


ordinary molecular crystal at ordinary tem- 
peratures); Eyiy. and Ex, y., the energies of 
intramolecular vibrations in gaseous and 
crystalline states, respectively; d4Hassn the 
heat of association and m the fraction of 
associated molecule in gaseous phase, if any. 
In the above equation the terms in parren- 
theses are cancelled out with each other 
approximately and the second term We can 
be ignored for the first approximation. Since 
we measured the heat of sublimation in a 
region of very low pressures (10-7? mmHg or 
less), the last term may be also ignored*. 
Thus, we can infer that the heat of subli- 
mation determined experimentally is nearly 
equal to the lattice energy. Then we may 
obtain the contribution of the hydrogen bond 
by subtracting the contribution of van der 
Waals’ energy from the lattice energy. Prac- 
tically, we may adopt one of the following 
three methods: 

i) If the crystal structure is completely 
determined and some data of optical proper- 
ties such as refractive indices, etc. are avai- 


* Urea molecules would be associated with each other 
in the gaseous phase in a similar way as acetic acid. 
The calculated fraction of associated molecules, how- 
ever, is found to be only 2% even at 1X1072 mmHg, 
if we assume following thermodynamic functions; 
4H ASSN 14 kceal./mol., and AS ASSN —36 e.u. 
(These data were estimated from the experimental 


results of acetic acid). 
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lable, we can calculate the van der Waals’ 
energy by use of some theoretical formulae”, 

ii) If a reference crystal, which is consti- 
tuted from isoelectronic molecules with simi- 
lar configuration and at the same time with- 
out appreciable permanent dipole moment 
and any atom or atomic group capable of 
forming hydrogen bond, could be found, this 
crystal would have nealy the same amount 
of contribution as the specimen in respect to 
the dispersion energy. For instance, we can 
estimate the energy of the hydrogen bond of 
ethyl alcohol by comparing its heat of subli- 
mation with that of propane. 

iii) By the comparison of the heat of 
sublimation of the specimen with that of a 
reference substance composed of isoelectronic 
molecules having similar configuration and 
with dipole moment with nearly the same order 
of magnitude as the specimen, but no ability 
of intermolecular hydrogen bond formation. 
For example; comparison of ethyl alcohol 
with methyl ether. 

Each of these three methods of estimation 
has more or less different physical meaning. 
In the first method, we calculate the van 
der Waals’ energies on the basis of the inter- 
molecular distances at which the molecules 
are actually linked together by the hydrogen 
bonds. The intermolecular distances may 
become a little larger, however, if there would 
be no hydrogen bonding between the molec- 
ules. Thus, the contribution of the van der 
Waals’ energy calculated by this method may 
be a little over-estimated in comparison with 
that of crystal in which molecules are com- 
bined together only by the van der Waals’ 
forces. 

In this paper we applied the second and 
the third methods. These two methods seem 
to be related partly with the difference of 
the energy of the hydrogen bond. If we 
define it as including the mutual interaction 
of molecular permanent dipoles in it, the 
second one may be more appropriate. On the 
other hand, the third may be more reason- 
able, if we consider the hydrogen bond as a 
special type of binding which does not include 
the energy of the dipolar interaction. 

The suitable reference substances are iso- 
butene® (for method ii) and acetone (for 
method iii) for urea, and 1, 5-hexadiene (ii) and 
succinic aldehyde (iii) for diformylhydrazine. 

As the heats of sublimation of 1, 5-hexadiene 
and succinic aldehyde are not yet known, we 
estimated the contribution of the van der 
Waals’ energy and the dipolar energy by 
8) F.D. Rossini, K.S. Pitzer, W.J. Taylor, J.P. Ebert 


and J. E. Kilpatrick, ‘‘Selected Values of Hydrocarbons” 
(1947). 
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TABLE IV 
HEATS OF VAPORIZATION OF SOME HYDROCARBONS AT THEIR BOILING POINTS* (kcal./mol.) 














4Ho 4H, 4H2 AH, 4Ho 4He— 4H 
ethane a Si7 ethene 3. 237 — 0.3 — 
propane 1, 487 propene 4,402 0.1 —_ 
n-butane 5. 362 1-butene 5. 238 butadiene 5. 873 0.1 +0.6 
cis-2-butene 5. 480 —. +0.1 a= 







trans-2-butene 5. 239 — 0.1 — 
iso-butane 5. 089 iso-butene 5. 286 — +0, 2 — 
pentane 6. 160 — pentadiene 6,75! — +0.6 
2-methyl-butane 5.809 — isoprene 6. 391 --- +0.6 






* All the data except butadiene, pentadiene and isoprene are taken from reference (8). 








TABLE V 












B 









A 








Substances 





Diformy!- é-Valero- | e-Capro- 
hydrazine, lactam lactam 





| 
| Acetamide,;Oxamide Urea 




















Observed 24.10 17. 81'2) 19. 86!2) 13. 6!) 27.0' | 20.95 






















Heat Contri dispersion effect* 12. O** 10.6 12, 9¥** 7.6 10. 1** 7.6 
ea F 
bution : : ’ ‘ ‘ An 
er. from dipolar interaction 2. 27 r Me a | AB 3. SIT 3.6 3. 3th 
(keal./mol. the ma » 3 : 
7 j | energy hydrogen bond (ii) 12.1 Toe 7.0 6.0 16.9 13. 4 
| of 
hydrogen bond (iii) 9.9 5. i 1.9 re 13.3 10.1 
a Number of hydrogen bond 94) 1 (] 7 ag one - { é a i 
per molecule on () ) oe (4) 
Energy of one hydrogen| ¢ _ (7.2) (7.0) 3.0 (4. 2) 3.5 


bond (ii) (kcal./mol.) 






Y (iii) 









2. 8322) 










Hydrogen ? ere * > 7278 
Bond Hydrogen bond distance (A) 2. 7878) — 2 99 — 3 04 
Number of donated hydro- a o 
2 (1) (1) 2 (4) 1 

gen atoms per molecule 
Number of hydrogen ac- ; 9 

: es 2 (1) (1) 1 (2) 1 
cepting atoms per molecule oe 
Hydrogen atom-Hydrogen 1 (1) (1) 9 (2) { 





acceptor ratio 









substances are obtained by adding the heats of fusion and those 





* Heats of sublimation of the reference 
of vaporization near the melting point the latters of which are calculated from the vapor pressure equations. 
hexane (JHp=3 11,68) 4H, =8.31 8)) for diformylhydrazine; methylcyclohexane 4H; 1.613,41%) 4H, 

1.42,¢8? 4H, =6.1968)) for urea and acetamide; 2, 3-dimethyl- 







8.94¢8)) for &-valerolactam; iso-butene dH; 
butane (JHp 0.19,G18) 4H,=1 
the heat oftransition for estimating the heat of sublimation. 

** Heat of sublimation of the reference substances plus effect of conjugated #-electrons (0.6 kcal). 

*** Heat of sublimation of methylcyclohexane plus increment of the heat of sublimation of CHe group; see 






73484). For 2,3-dimethy'butane we have taken into account 














ref. (17). 
j Difference of the heats of sublimation of p-quinone (4H, 16.448)) and p-xylene (4H oyp = Hy 


25°; 10.1¢8))+ 4Hp-(4.168))), 
t Difference of the heats of 


at 










vaporization of cyclohexanone (4H, =1 1.0522) and methylcyclohexane. (we 





used this difference in place of that of their heats of sublimation, since the solid phase of cyclohexanone 





just below the meiting points belongs to the so-called plastic crystal.) 

‘ti Difference of the heats of iblimation of acetone 4H cup 9.5 dHy at the melting point‘ 9- 1.36 
4H ,,620) and iso-butane. 

Difference of the heats of vaporization of glyoxal (4H, =96 








21)) and 2,3-dimethylbutane. 























9) J.G. Aston and G.F. Szasz, J. Am. Chem. Soc., 69, 16 idem, ibid., 68, 1704 (1946). 
3108 (1947). 17) A. Miller, Proc. Roy. Soc. London, A154, 124 

10) K. Kuchinskaya, Chem. Abst., 34, 3147 (1940). (1936). 

11) Roth’s data taken from  Landolt-Bérnstein’s 18) I. Nitta, S. Seki, H. Chihara and K. Suzuki, Sci. 
Physikalisch-Chemisches Tabellen (II’er Erg. Band). Paper Osaka Univ., No. 29 (1951). 

12) A. Aibara, J. Chem. Soc. Japan, 74, 631 (1953). 19) W.A. Felsing and S.A. Durban, J. Am. Chem. 

13) A. Aibara, J. Chem. Soc. Japan, 73, 955 (1952). Soc., 48, 2893 (1926). 

14 R.S. Bradley and A.D. Care, J. Chem. Soc., 1953, 20) G.S. Parks and K.K. Kelley, J. Phys. Chem., 32, 
1681. 1739 (1928). 

15) D.R. Douslin and H.M. Huffman, J. Am. Chem. 21) F. Rossini, “Selected Values of Chemical Thermo- 








ano 
1952). 


Soc., 68, 173 (1946). dynamic Properties”, 
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comparing the heat of sublimation of n-hex- 
ane with those of some other substances. In 
Table IV, it is seen that the heats of vapo- 
rization of m-paraffines and of corresponding 
monoolefines are nearly equal, whereas those 
of conjugated olefines are by ca. 0.6 kcal./mol. 
larger than those of corresponding paraffines. 
As the molecule of diformylhydrazine has 
conjugated z-electrons, it may be reasonable 
to assume that the van der Waals’ energy of 
diformylhydrazine is larger than that of n- 
hexane by an amount of ca. 0.6 kcal./mol. 
For the third method, we used the difference 
of the heats of sublimation of /-benzoquinone 
and p-xylene for estimating the contribution 
of the dipole-dipole interaction. 

All the observed heats of sublimation and 
the contributions from the various kinds of 
energies, i.e. the dispersion energy, the di- 
pole-dipole interaction and the energy of 
the hydrogen bonds (derived by use of the 
methods (ii) and (iii)) of the present materials 
are given in Table V. 

In this table corresponding data for o- 
valero-lactam, e-caprolactam, acetamide and 
oxamide are also calculated for reference. 

As the number of hydrogen bonds per 
molecule of urea”, diformylhydrazine® and 
acetamide” are already known by the X-ray 
methods (see the sixth row of Table V), the 
energies per one hydrogen bond for these 
substances are calculated as shown in the 
seventh and eighth rows. The numbers of 
hydrogen bonds for the other substances in 
this table are not yet determinede experimen- 
tally, so the energies of the hydrogen bonds 
are estimated by assuming appropriate num- 
ber of the hydrogen bonds. (They are shown 
in parentheses. ) 

From these results, we may derive the 
following several conclusions: 

(1) The energy of NH---O type hydrogen 
bond in crystal is not always so small as the 
value given by Davies” (2 kcal./mol. for ani- 
line-benzophenone). This may be one of the 
reasons for the fact that almost all the sub- 
stances with -NHCO- groups show rather 
high melting points. 

(2) It is usually supposed that the shorter 
the distance of the hydrogen bond the larger 
the energies become. But, this does not 
always hold. For instance, if we compare 
urea, diformylhydrazine and acetamide with 
each other, then we can see that diformy]- 
hydrazine with the shortest NH- - -O distance 
have the largest hydrogen bond energy, 
whereas urea with the longest N-H---O dis- 


22) F. Senti and D. Harker, J. Am. Chem. Soc., 62, 
2008 (1940). 
23) Davies, Ann. Report, 1946, 5. 


tance gives larger energy of hydrogen bond 
than that of acetamide with a little shorter 
bond distance. So it seems to be rather 
dangerous to estimate the relative strength 
of the hydrogen bond only from the know- 
ledge of the distance of the hydrogen bond, 
though it may be useful for a rough estate 
of its strength. 

(3) The energies of the NH---O type hy- 
drogen bonds show rather scattered values 
(7.0-3.0 kcal./mol. from the method (ii); 5.1 
1.4 kcal./mol. from the method (iii)) in com 
parison with those of the OH---O type in 
which the energies are limited in the region 
of 4.5*-6.0** kcal./mol. (method (ii) or (i)). 

As one of the reasons for such scattering 
as mentioned above, we may point out the 
varieties of the ratio of the number of 
donated hydrogen atoms to those of accept- 
ing oxygen atoms. In fact, we can see in 
Table V that for the substances of the A- 
class having larger energies of the hydrogen 
bond, i.e. for diformylhydrazine, 6-valerolactam 
and e-caprolactam, this ratio is 1, whereas it 
is 2 or 4 for substances of the B-class with 
smaller energies of the hydrogen bond, i.e. 
acetamide, oxamide and urea. When this 
ratio increases, the steric hindrance between 
the donated hydrogen atoms surrounding the 
same acceptor atom will become larger. As 
the result, this effect may cause a consider- 
able difference between the energies of the 
hydrogen bond of the classes A and B. On 
the other hand, in the case of the OH---O 
type hydrogen bond this ratio is mostly one. 
So, the energies of the OH---O type hydro- 
gen bond are not so divergent as those of 
the NH---O type one. 

The other factors, for example, the changes 
of electron densities of oxygen or nitrogen 
atoms due to the conjugations of the z-elec- 
trons, may also contribute to some extent to 
the energies of hydrogen bonds. This effect, 
however, seems less important than the effect 
of hydrogen atom-hydrogen acceptor ratio, 
at least in the crystalline state. 

These conclusions mentioned above will 
give some contribution for the elucidation of 
complex structures and phenomena found in 
some synthetic fibers as well as in some 
biological systems. 

Finally, the present authors wish to express 
their sincere thanks to Professor I. Nitta 
for his valuable suggestions throughout this 
work, and Professor J. G. Aston and Dr. J. 
B. Class for their kind preparation of the 


* Value for phenol, see ref. (2). 

** Values for carboxylic acid dimer in the vapor; that 
is the heat of association of their dimer minus contribu- 
tion of dispersion effect, see ref. (1). 
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sample of diformylhydrazine, and also to Mr. 
Y. Tomiie for his kind discussion. The ex- 
pense of this research is partly defrayed 
from the Scientific Reseach Grant from the 
Ministry of Education as well as from the 
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fund of Taniguchi Kégy6-Shyoreikai to which 
the authors’ thanks are due. 
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Science, Osaka University, Osaka 


Anthracene 


and Pyrene 


By Hiroo INOKUCHI 


(Received September 7, 1955) 


Introduction 


Recent works’? in our laboratory have 
shown that some of the polycyclic aromatic 
compounds have fairly good electrical con- 
ductivity and sensitive photoconductivity in 
the solid state. From those and the other 
related properties, such as ultra-violet lumi- 
nescence and xerographic phenomena, they 
are considered to be organic semi-conduc- 
tors®. 

Since the preparation of single crystals of 
these compounds is generally very difficult, 
the measurements of electrical resistivity 
have been made hitherto for specimens in 
powdered form. In such a condition, the 
resistivity depends upon the compressive 
pressure; that is, it decreases remarkably 
with increasing pressure up to 80kg./cm?, 
however, thereafter it becomes approximately 
constant. Therefore in the preceding reports 
the electrical resistances of these organic 
semi-conductors were determined under com- 
pression beyond 80 kg./cm?*. 

However, it is to be hoped that some sin- 
gle crystal could be obtained and the semi- 
conductivity would be measured in the single 
crystal state. It is difficult to obtain single 
crystals of compounds with larger molecular 
weight of this series, but in the case of 
smaller compounds, it is frequently possible 
to obtain single crystals of large size. 

In this paper, the photo- and semi-conduc- 
tivity of anthracene and pyrene in the single 
crystal state are presented. 

1 H. Akamatu and H. Inokuchi, J. Chem. Phys., 18, 

810 (1950), 20, 1481 (1952). 


2 H. Inokuchi, This Bulletin, 24, 222 (1951); 25, 28 
1952), 27, 22 (1954). 


3) H. Akamatu, ‘‘Organic Semi-conductors”, Iiwa- 
nami, Kagaku (1954), 282 
* The effect of hydrostatic pressure up to 8,000 kg. 


cm? on the semiconductivity of isoviolanthrone was re- 
ported in this Bulletin, 28, 570 (1955). 





Fig. 1. Single crystals of pyrene. 


Specimens 


Since anthracene, a technical production from 
coal-tar, includes tetracene and carbazol, and 
the purification from these impurities is very 
difficult, pure anthracene was synthesized from 
anthraquinone by reduction*. This specimen was 
made of colourless plates, which melted at 219°C, 
and possessed a blue-violet luminescence. On the 
other hand, pyrene was recrystallized several 
times from aromatic solvent, and finally sublimed 
in a vacuum. Purified pyrene melted at 148°C, 
and possessed a whitish yellow colour. 

Large single crystals (12mm. x10mm.x1mm. 
rhomb.) of those could be grown by slow evapo- 
ration of solvent over a month in Solvesso 
(Standard Vac. Oil Co.). The beautiful plate- 
shaped single crystal obtained here was extended 
along [110] as shown in Fig. 1 (pyrene). 


Experimental Procedure 


Measurements of the electrical conductivity and 
the photoconductivity were made in the following 
manner as shown in Fig. 2. A sandwich type cell 
was made by coating one plane of the crystal 
(3) with an aluminium film (1) and the inversed 
plane with a half-transparent aluminium film (2). 


* This anthracene was synthesized by Mr. J. Aoki in 


our laboratory. 
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Fig. 2. The apparatus for measuring the 
semi- and photoconductivity. 


This cell was mounted on a polystyrene plate (4), 
which was held in a box to control the temperature 
of the crystal, and it was supplied with a field 
of up to 11,000 volt per cm. 

The electrical conductivity was measured per- 
pendicular to the [110] plane of crystal by the 
potential drop method with the aid of a direct 
current amplifier. The light source, illuminating 
the crystal, was a tungsten or mercury vapour 
lamp (5), and a beam of light was directed on the 
specimen by means of a quartz lens (6). 


Resulis and Discussion 


Since the electrical resistivity of these 
single crystals was fairly high at room tem- 
perature, the measurements of resistance 
were made at the range from 50° to 150°C. 
Above this temperature the crystals were 
broken by sublimation. 

The observed relation between electrical 
current and potential of anthracene is shown 
in Fig. 3. Below 2,000 volt per cm. this 
curve obeyed Ohm’s law approximately, but 
above 5,000 volt per cm. employed on the 
crystal heated at 136°C, this linearity was 
highly deviated, and at 152°C when the 
potential was applied to 7,500 volt per cm., 
the current had a very large value as shown 
in this figure. Within this range of voltage 
employed here, the potential-current relation 
was reproducible. Then it is reasonable to 
assume as follows: In such a high electric 
field, there will be a few electrons which 
can gain energy from the field and remove 
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Fig. 3. The relation between electrical 
current and potential for anthracene. 


themselves from the occupied band. The 
number of free electrons and hence the cur- 
rent will increase rapidly; i.e., this phenom- 
enon is the preceding one of the dielectric 
break-down”. 

The electrical resistivity and its tempera- 
ture dependency of anthracene and pyrene 
were measured at the applied field of 1,000 
volt per cm. The temperature (7) depend- 
ency of electrical resistivity (p) has been 
expressed by the following formula, 


P=Po exp (de/2kT) 


where & is the Boltzmann constant and Ze is 
the activation energy. The observed values 
of those are tabulated on Table I and are 
shown in Fig. 4. 

To study the correlation between the 
thermal activation energy and the absorption 
spectrum of crystal, the author has measured 


TABLE I 
THE VALUE OF ?, @at 15°C, 48 AND ENERGY GAP FROM ABSORPTION 
SPECTRA OF ANTHRACENE AND PYRENE 


Energy gap from 


Po Pat 15°C & absorption spectra 
1x 10-2cm. 10722 cm. 2.7 eV 3.0 eV. 
Anthracene i ; 7 ame 
5 «1072 cm. 10'72 cm. 1.65 eV.) 
Pyrene 1x 10%2cm. 1022 cm. 2.4 eV. 2.8 eV. 


1) from H. Mette and H. Pick». 


4) N.F. Mott and R.W. Gurney, ‘‘ Electronic Processes 
in Ionic Crystals’’, Oxford Univ. Press, 2nd ed. (1948), 
p. 197. 
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Fig. 4a. The relation between resistivity 
and temperature for anthracene. 
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1/T x 104 
Fig. 4b. The relation between resistivity 
and temperature for pyrene. 


the absorption spectrum of a single crystal 
(perpendicular to [110] plane of crystal). The 
longest wave edges of the absorption spectra 
are shown in Table I. This value and the 
thermal activation energy (4e) coincided with 
each other; then this will be due to the fact 
that molecular single crystals are intrinsic 
semi-conductors as in the case of the pow- 
dered form. 

H. Pick and H. Mette” (University of Géot- 
tingen) have reported, however, that the 
thermal activation energy of anthracene was 
1.65 eV. (a half of the value measured from 
the longest wave edges of absorption spectra) 
and their results on electrical resistivity was 
too small as compared with my results. But 
the same author has described in his next 
article” on the electrical resistivity of naph- 
thalene single crystal, that the energy gap 
(3.7 eV.) observed from the temperature 
dependency of electrical resistivity coincided 
with the value of the longest wave edges of 
absorption spectra (3,250 A+3.86 eV.). It 
seems to the present author that his speci- 


6) H. Pick and G. Wissman, Z. Physik, 138, 436 
(1954). 
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thracene was purified from a crude one. 







The photoconductivity of these single crys- 


tals was detectable, and its potential depen- 
dence was as shown in Fig. 5. These results 






Anthracene(90T) 


Photocurrent 


is) 


~ 10 





1l 





Applied potential KV/cm. 
Fig. 5. Photoelectric current plotted 
against the voltages for single crystals. 


show that the photocurrent in the single 
crystal is a primary current as in the case 
of other polycyclic aromatic compounds. It 
was reported that the photoconductive pro- 
cess in the conjugated organic compounds 
in powdered form is enhanced by the oxygen 
in the air’, but my results showed that 
the photocurrent was not enhanced by the 
oxygen in the air as illustrated in Fig. 5. 
In this figure the points denoted as © show 
the photocurrent-voltage characteristics in 
the vacuum (10°’mmHg) and @ the same 


. characteristics in the air. 


Summary 


The electrical resistivity and photoconduc- 
tivity of single crystals—anthracene and 
pyrene—, which could be grown by slow 
evaporation of a solvent over a month 
in Solvesso, were measured. The tempera- 
ture dependency of electrical resistivity (Pp) 
has been expressed by the next formula, 
P=Py) exp (4e/2kT), and the values of resisti- 
vity (Patise) and thermal activation energy 
(de) are 10”°2cm., 2.7 eV. for anthracene and 
10?°2 cm., 2.4 eV. for pyrene. This activa- 
tion energy and the longest wave edges of 
absorption spectra in the solid state coincided 
with each other, then this phenomenon will 
be due to the fact that molecular single 
crystals are intrinsic semi-conductors as in 
the case of powdered form. 


The author expresses his hearty thanks 
to Prof. H. Akamatu for his kind direction 
of this study and also to Mr. J. Aoki who 
synthesized pure anthracene. The cost of 
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Introduction 


In polarographic literature there are nu- 
merous papers dealing with the current- 
voltage curves due to the reduction of com- 
plex metal ions, but satisfactory quantitative 
treatments reported up to date are almost 
all based on the fact that the net electrode 
reaction takes place reversibly’. Recently, 
from the viewpoint of chemical kinetics, R. 
Tamamushi and N. Tanaka® attempted a 
theoretical analysis of the polarographic wave, 
especially of the irreversible type, which was 
obtained by the oxidation and reduction of 
complex metal ions. However, since they 
have applied the concept of Nernst’s diffusion 
layer to the diffusion process taking place in 
the region very close to the surface of the 
dropping mercury electrode, their result can- 
not be quantitatively adapted to the present 
problem. 

In the present paper, taking into account 
the movement of the solution caused by the 
expansion of the mercury drop, we shall 
attempt to solve the corresponding diffusion 
problem, which involves the electrolytic re- 
duction of complex metal ions as the boundary 
condition, and then derive a general equation 
of the instantaneous current during the drop 
age for any point along the wave. Moreover, 
a general expression for the current-voltage 
curve will be given and its characteristics in 
several special cases will be discussed in some 
detail. 


Formulation of the Problem 


According to the pioneering investigations 
of N. Bjerrum and his coworkers”, the forma- 
tion of complex metal ions always occurs 
stepwise and the various species of complex 
metal ions coexist in a given solution, the 
stability of the individual species being char- 
acterized by a series of consecutive dissocia- 
tion constants of the form: 


1) I.M. Kolthoff and J.J. Lingane, ‘‘ Polarography” 
(1952). vol. 1, p. 211. 

2) D.D. DeFord and D.N. Hume, J. Am. Chem. Soc., 
73, 5321 (1951). 

3) R. Tamamushi and N. Tanaka, This Bulletin, 23, 
110 (1950). 

4) J. Bjerrum, Chem. Revs., 46, 381 (1950). 


, ae (fv-1C.—1)(fxCx) 
(fuCv) 

In this expression, Cy, and Cx denote the 
concentrations of the complex metal ion in 
the form of MX,‘"~”* and of the complexing 
agent X~’, respectively, f’s are the correspond- 
ing activity coefficients and N is the max- 
imum number of the ligands taken up. 

Now, consider the reduction to the metallic 
state (amalgam) of complex metal ions of a 
metal that is soluble in mercury. The net 
electrode reaction may be represented by 


MX,“"*~”)*+-+ ne+Hgo—M(Hg)+vxX~ = (2) 


where M(Hg) represents the amalgam formed 
on the electrode surface and mu is the number 
of electrons associated with the electrode 
reaction. 

In this reaction, various possible types of 
kinetic mechanism may be considered. From 
the information as to the formation of com- 
plex metal ions, it seems safe to assume that 
the net electrode reaction described above 
takes place according to the following scheme: 


(1) dissociation and association processes 


MxXx“" ade mmc) SN a, -(y—1 io] + 4X» 


(v=N,N-—1, 
l N (3) 


(2) electron transfer process 
MX,,"*-»”*-+ne+Hgo——M(Hg)+px~’_ (4) 
In this scheme, it is assumed that the com- 
plex metal ions MX,“*~”+ (v=N,N-1, 
p+1) and MX,“"-4”* (u=p—1, p—2, 
successively dissociate and associate 
the form MX,-””* in the vicinity 
electrode surface, respectively, and the species 
MX,“"-"”* thus produced is electrolytically 
reduced to the amalgam. 

If we accept the foregoing assumptions as to 
the kinetic mechanism of the reduction of com- 
plex metal ions, the concentration distributions 
of the various species of complex metal ions and 
of the amalgam can be determined by solving 
the following system of differential equations®® : 

5) D. MacGillavry and E.K. Rideal, Rec. trav. chim., 

56, 1013 (1937). 


6) J. Koutecky, Collection Czechosiov. Chem. Com- 
muns., 18, 597 (1953). 
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Cy }- as 6Cy 
or . 3r?. Or 


-pn(Cyn—onCy-1), (r>1ro) 


1 FX... 
o_(y 
or \ 


2 
a 


rf .« ©, ) , aCy 
( ee 
Or . 3r? 07 


1y)—py(Cy—ayCy-1), (r>1ro) (6) 


, 6Co ) a’ 6Co 
7 __—__——_ |--.; —_=— 
or 3r?s «Or 
+p lC; -3:Co), (r>ro) 
6Ca__p, ul oe (? Sy a 
of r or or 3r? 
(r<ro) 
where 
Oy =kyfy, (9) 
oy =(fxCx)(fr-1/fv)/Ky (10) 
(v=N,N- 
In these equations, r is the distance from the center 
of the mercury drop, ¢ is the time elapsed after 
the development of the drop has begun; 7» is the 
radius of the mercury drop, which is given by 
ro =(3m/4rd)! “#1 
where m is the constant rate of flow of mercury 
uot of the capillary and d is the density of mer- 
cury; D and Da are the diffusion coefficients of 
the complex metal ions MX, (-¥)+(y=N, N—1,-+- 
1,0) in tue solution and of the metal atoms 
M(Hg) in the amalgam, respectively; Cy(v=N,N 
‘ 1,0) and Ca are the concentrations of 
MX, 1») +(p=N, N— 1,0) and M(Hg) at 
any point in the corresponding diffusion layers, 
respectively; Cx is the concentration of X~, 
which is assumed to be constant since the solution 
usually contains an excess of the complexing 
agent; f’s are the corresponding activity coeffici- 
ents; k, and K,(yv=N,N-—1, , 1) are the rate 
and equilibrium constants of the consecutive dis- 
sociation processes, respectively. 
The initial and boundary conditions are given 
by 
t=0, r>ro: Cy=*C, (v=N,N—1, 
t=0, r<ro: Ca =Q 


t= atl/3, 


t>0, r=rv: 


(13) 


where *C,(v=N, N—1, , 1,0) are the concent- 
rations of MX, ‘*-»)+(p=N, N-1, , 1,0) in the 
bulk of the soJution, which fulfill the conditions: 

*Cy=0,*Cy_, =-N,N-1, » I), (14) 
since the equilibrium states of the consecutive 
dissociation and association processes expressed 
by Eq. (3) are assumed to be attained in the bulk 
of the solution; i(+) is the current flowing through 
the electrode surface; F' is the faraday; q is the 
surface area of the dropping mercury electrode, 
which is given by 4z7y?.. The conditions expressed 
by Eq. (13) result from the fact that MX,(*-»»)+ 


(v=N,N-1, . 1,0) cannot par- 
ticipate in the electron transfer process. 

It is very difficult to obtain an exact solu- 
tion of the system of differential equations 
described above. Therefore, in the present 
paper our discussion will be restricted to a 
case when the following assumptions are 
satisfied. 

(a) The thickness of the diffusion layer 
is very much less than the diameter of the 
mercury drop. Thus, the approximate pro- 
cedure used in the previous paper’ can be 
available. 

(b) p(ltor,t>1(v=N, N-1, 
assumption, which is satisfied by sufficiently 
rapid consecutive reactions in solution, seems 
to be available for many cases of the reduc- 
tion of complex metal ions. 

Let us now introduce the substitution: 


x=r—ri=r'—a't (15) 
yt? 


N 
C=C, 


g=C,—a.C.-; (v=N,N-1, 2 
Then, considering the assumptions (a) and 
(b), we obtain in place of Eqs. (5), (6), (7) and 


(8) 


aC 27 ap ZC (x>0) (19) 
yy 7 -_ 
0= 27 aD FEN — yy px(lton) gn 
7 


Ix” 


« 


yy py-1T NE N-1 (x> 0) 


r ; yy” YO Zor 


‘P10 vZv- 1 \ 


yp (l+o)gi (x>9) 


27 oC, 
Ca. en 


— ' (x <0) (23) 
ay 7 ax? 


The initial and boundary conditions (11), (12) 
and (13) can be written as follows, after 
being rearranged: 

a _ jc=*C 
y=0, 4>0: 15. =0 (V=N,N-1, 
y=0, x<0: Ca=0 


H. Matsuda and Y. Ay2be, This Bulletin, 28, 422 
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y> 0, x=0: 
3a?y?7D ac = —3a?y?7D 1 4 +1 
IX T prt IX 
=3a?y?7D 78” — 2y2/7T), Re =i(y)/nFy 
(25) 
OL, wil (v= he N-1,--:-- re) (26) 
Ox \ mm] vceeee 7 


Derivation of the Equation for the 
Instantaneous Current 


The solutions of the differential equations 
(19) and (23), which satisfy the initial and 
boundary conditions (24) and (25), have been 
obtained in the previous paper”. According 
to our results, the values of the functions C 
and C, at the electrode surface, designated 
by °C and °C, respectively, can be expressed 
as 


C=*C-— : ; (" —— du —_ (27) 
\ 7x \ Do VV yu = 
/ vy -2/T if / pF 
Ca=4 2 1 u* [¢/nFq) gy (28) 
ix VD, Jo V J—u 


The system of differential equations (20) 
(21) and (22) can be solved by means of me- 
thod similar to that used in the problem of 
the linear N coupled oscillators. The values 
of the functions g.v=N, N—-1,--:--- , 1) at the 
electrode surface, denoted by °g,, are given 
by 


g = 1UnF dG, (V=N,N=-1,--, 1) (29) 
VD 
where G, is a complicated function of cy, 
ONn-1,°°*"** » Os and PN» Pn-w°***** » Pi 


Upon using the relations expressed by Eqs. 
(17), (18), (27) and (29), we obtain the follow- 
ing expression for the concentration at the 
electrode surface of MX,‘"-»»+* which par- 
ticipates in the electron transfer process: 


(IT a.) : li/ Fq| “3 1 
C,= v=1 {*#C— t/nrqg\ _ 
, oO ( Arv D Vv ix VD 
| e/a) ay (30) 
“0 V ¥—Uu ) 
where 
Ny N 
o=14+S\ Mop) =14+S\fxCx)(fo/ fi \IT1/K,,) 
vt wel v “el 
(31) 
’ x k 
(1, A)=SM1- +> AS a5) }Gy 
yvprl K=y+l sv +l 


Vf 7 1 \\ 
ap p> eai\ 2, aj )js& (32) 
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(A, is a complicated function of oy, oy-,,° 
--, o, and pw, py-1"**** » Pr, and can be re- 
lated in a simple manner to the average 
value of the limiting current, 7, as shown 
later. See Eq. (48). Hence, if one gives up 
any discussion en the behavior of the limit- 
ing current, it is not necessary to obtain an 
explicit expression of the dependence of A, 
On ONn,ONn-1,"""°"* » Gy and Py, Pw-w'***** " pi-) 

The current flowing through the electrode 
surface depends on the electrode potential 
and the concentrations at the electrode sur- 
face of the substances which participate in 
the electron transfer process. According to 
the reaction rate theory”, the current flowing 
can be expressed as 

anF 


[i/nFql=k}(f,°C, je RT 


(I—a)nF _ 
9 ¢ L~\p RT E , 
—Ri\fa Ca) fxCx) é (33) 


where E is the electrode potential measured 
with respect to the normal hydrogen elec- 


trode; @ is the transfer coefficient; Rk? and 


ke? are the forward (reduction) and reverse 


(oxidation) rate constants of the electron 
transfer process at the potential of the 
normal hydrogen electrode, respectively. 

Substituting the relations expressed by 
Eqs. (28) and (30) into Eq. (33) and rearrang- 
ing them, we obtain Volterra’s integral equa- 
tion of the second kind: 

[¢/nFg|=v D*Cr 


Dp 
ko fal ITK.)/vV Da nF 
v=1 





= ap E }-1 
x} 1+ rrr oe’ I 
L ky fo/V D 2 
ae -y aft / 
af ol Se (34) 
iz 0 1 J—s 
where 
0 - anF 0 l—a)nF . 
ky Jo » RI E + k, fa (TK) RT - 
oVD V 5 pend 
=z — -- -- ——;, 
a > wf, mF 
(fo/f » [rr (Ioy)} + 4 y an 


(35) 
In order to obtain a description of our pro- 
blem formulated by means of dimensionless 
parameters, we make the substitution: 
{t/nFq|=V D*Cr 


k fal IT Ks)/ V 
t a v)/ V Ds nF 


v=] 
x} 1+ ae fe (36) 
- ky fo/V D J oi 


8) J.C. Slater and N.H. Frank, ‘‘ 
retical Physics’’ (1933), p. 107. 

9) S. Glasstone, K.J. Laidler and H. Eyring, ‘‘ The 
Theory of Rate Processes’’ (1941), p. 575. 
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E=ry""4 (37) 
n=ru" "4 
Then, we obtain 


[7 (F  pi/Bqhp’y 

Wi)=1-2/ =, is Bae aan (38) 
This integral equation has already been solved 
in the previous paper”, and its solution has 
been there expressed in the form of power 
series of &. 

Hence, considering the relations expressed 
by Eqs. (36) and (37), replacing the surface 
area of the dropping mercury electrode g 


with 4272 =42(3m/4rd)?/ 


it, we obtain for the instantaneous current 
during the drop age 


??/5, and rearranging 


k° Fa‘ iT Ky) y 2. nF 


i=ta, 1+ ( : ae 
L k;fo/1 D 


mf - (AY t)yWAy 2¢) (39) 
‘ 

where 7a represents the Ilkovic equation for 
the instantaneous limiting diffusion current. 
The values of the function V 37/7 X(AY ¢ ) 
xX: ¢) for various values of A; ¢ are 
tabulated in Table 1 of the previous paper”. 

According to DeFord and Hume”, the half- 
wave potential of the reversible wave due to 
the reduction of complex metal ions, denoted 


by E,/., is given by 


—" RT fa/v Da ,RT 
Ee = E °—2.3—— | % —2.3 
wus nF °8 So/V D nF 


N 7) 
xX log {1+ SM fxCx)(fo Fu) IT1/K,)} (40) 
y= pel 
where E® is the standard potential of the 
reduction of the simple metal ion M”* to the 
amalgam state. Since the standard potential 
of the electron transfer process expressed 
by Eq. (4), which is given by 2.3 (RT/nF) 


log (k)./k}), can be related with E° according 


to 
RT 7, RT P 

p a f_ = f042. g oa 
nF log 30 E°+2.3 nF log CH K,), 


b 
Eq. (40) can be rewritten as follows, by us- 
ing the abbreviation expressed by Eq. (31): 


T ® fo/V 
E’.= 2.3 R7 log Si D 


2 = F p 
. Ry fo IT Ks)/V Da 
_ookti 
2.3 nF log oc. 
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Vd > a 
Ro fal IT K.)/ V D, nF 
vel oe*®T and 
Rk’ fo/ V D 
A can be, respectively, expressed as 


p 
BY, fal I K3)/V Da _nF 
v=) 


Consequently, 


—- F 
ivan 4?) 
— - ite : 
[( fo/fp), (0:1 “leat (42) 
where 
€=(nF/RT (E—-E,’.), (43) 


Ro fo \i-a R°fa |? ) 
fat ee ‘od a K,)" (44) 
loV Dp) (Vv PD. v= }. 
Hence, Eq. (39) can be transformed into 
the form 
- la / 37 
1+eV 7 
with XA defined by Eq. (42). This is the 
general expression showing the instantaneous 


current during the drop age for any point 
along the wave. 


(AV £):WiAV ¢), (45) 


Derivation of the Equation for the 
Current-Voltage Curve 


Upon integrating Eq. (45) with respect to 
t from zero to the drop time t and dividing 
it by t, we obtain for the average value of 
the current flowing 
- 1 (3x 1", 

= | ar ) ia 
it+eV 7 7 |i V tW(aryv t)dt 
After writting £=Ay ¢ and rearranging it, 


S 


we obtain 


- / a (as a a fis 
i= "4 SF ny 2)-78| * “WEEE 
1+e ‘ /0 (46) 
where 7a represents the Ilkovic equation for 
the average value of the limiting diffusion 
current. 
As shown in the previous paper”, the func- 
se “Ay , 7/2 
tion 1 77/3 (AV ct )7/*x "WE\EVdE can 
J0 
be, with sufficient accuracy, approximated by 
(AV zc )O4/[L.13+(AY rc )]. For the sake of 
simplicity, although with a little less accuracy, 
we replace (Ay c )!"/[1.13+(AVy cz )!-] with 
(AY c )/[1.12+(AY c )]*. Accordingly, Eq. 
(46) can be reduced to 
x Resieton tn exact function with (Av ¢- )/l1.12+ 
(A./z )] causes an error by one unit in the second decimal. 
On the other hand (As/ 7 )!-9*/[1.13+(Ad/ ¢ )1-04] is co 


incident with the exact function up to three units in the 
third decimal. 
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i, ‘ s 
<uaden S ” ae nn en E,2=Eyj2—23 0 log a 51 
1.12{[(fo/fp)/(ITa)WAp ¢ )me*s + (ary ¢ +1 +08 n ta 
_ (47) aS it comes from Eq. (50). 
Furthermore, consider a case when the 


As the electrode potential becomes suffici- 
ently negative, i.e., €+—0oo, 2 approaches the 
limiting value, 2, which is given by 

= da 


” (48) 
T4112 ct 


Eq. (48) shows that the limiting current, 2,, 
is proportional to 2%, (hence to *C), and the 
proportional factor is dependent on A;1/ 7. 
When the relation expressed by Eq. (48) is 
substituted into Eq. (47), we obtain 


la 


l| 


. Scielenaiis 

1.12[( fo/f»)/UT ov) AV ce +(t4/tr) +8 
y=] 

(49) 


This is the general equation of the current- 
voltage curve for the reduction of complex 
metal ions. 

In the following, we discuss in some detail 
the charactetistics of the current-voltage 
curve in several special cases. 

(A) When the Electron Transfer Process 
takes place reversibly.—In the first place, 
let us consider a case in which the value of 


Ay-c is greater than 50x[(fo/fp)/(1 ov)] 
yl 


x (21/24)'-#a*(1—a)'-«, since it can 


easily be shown that 


Then, 


(ta/tr) exp (—@)+exp (1—a@)& 
> (@a/tr)'-#ar-@(1— a)“ -@) 


for any value of ¢, Eq. (49) can be transformed 
into the form 


—— — 
(@a/ tr) +e 
By solving the above equation with respect 
to FE, we obtain 
E=E,7,-23%7 tog _& ~23RT tog 7? 
nF la nk u—2 
(50) 


where E,/, is defined by Eq. (40). This is the 


equation of the current-voltage curve cor- 
responding to the reversible electron transfer 
process. Eq. (50) shows that a plot of —E 
versus log 2/2z;—2) should produce a straight 
line with a slope equal to 2.3 RT/nF\ =59/n 
mV. at 25°C). This fact is a criterion for 
the reversibility of the electron transfer 
process. 

The half-wave potential, E,/2, is given by 


limiting current is completely controlled by 
the diffusion process, i.e., #=2. Then, Eq. 
(50) can easily be reduced to the simple 
form 


—_— aT RT z ‘ 
E=E,).—2.3 AF log ii" (52) 
This is quite the same as the result obtained 
when the net electrode reaction takes place 
reversibly. Detailed discussions on this case 
have been set down by many workers’. 
(B) When the Electron Transfer Process 
takes place irreversibly.—In the case of 


Ay 7 <2x107*@(fo/f,)/(UT ov)] (t2/ta), 2 is 


smaller than about 2 per cent of the limiting 
current, 2., in the range of €>—4.6 and the 
appreciable value of z is observed only for 
the values of € for which the condition €< 
—4.6 is satisfied. Then, since it is found 
that 
exp€<10 for €<—4.6, 

Eq. (49) becomes 


Sue ta 
~ - , p oe - - 
1.12[( fo/fn)/UT ov) WAV zr )'e*%§ +(ta/tz) 
aie 
Upon solving the above equation with re- 


spect to E, we obtain 


mila 1 RT i i" te i \ 
C= F",.4+23 slog !( 42-ITay)\Ay + 
E=E,).+ anF U°2 |\ 4, H av )Ay « 
—0.049—log ; —log : = 4 
la 2—2 } 


When the relations expressed by Eqs. (10), 

(31), (40) and (44) are substituted into the 

foregoing equation, we obtain 
0 


-™ | ‘- 
E=23 RI flog V rt —0.049—log 
1 


anF \ a 

rr p v 7 
—log SfxCx) "(fol Ky) “(fll Ky) 

Ly-0 geal u =) a 


| F 
z—it J’ 


w 


—log 


where it is defined that K)=1. This is the 
same equation as that obtained by neglecting 
the effect of the reverse (oxidation) process. 
It is evident from Eq. (53), that a plot of 
—E versus log2/(z—z) is linear and the in- 
clination of this line is found to be 2.3 
RT/anF (=59/anmV. at 25°C). Consequently, 
if this plot is carried out and the tangent 
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of the line thus obtained is determined, the 
value of aun can be calculated. 

From Eq. (53) the half-wave potential, E,/2, 
can be obtained as 


Rf, 
g RT Nig =" ¥/ = —0.049—log t/t.) 


E, /2=2. 
7”. anF | 1 
"a Vv p . ; v " ) 
—log! S\(fxCx)-(fpll Ky)/(foll K,) |}. 
ee a=t #=0 ' (54) 
Eq. (54) shows that if the consecutive dis- 
sociation constants Ky (v=N,N-1,-::::: . 2 


are known, the form of the complex metal 
ion that participates in the electron transfer 
process, i.e., p, can be determined from the 
dependence of the half-wave potential, E,/2, on 
the activity of the complexing agent, and 
the forward rate constant of the electron 


transfer process, k?, calculated from the me- 


asured value of the half-wave potential, E,/2. 

Let us consider a case in which only the 
species MX;‘*-*”* predominates in the bulk 
of the solution in the region in question of 
the concentration of the complexing agent, 
ie., when the condition *C;>*Cu(v=N, N—-1, 
tenes , S+1, S—1,------, 1,0) is satisfied. Then, 
by considering the relations expressed by 
Eq. (14), Eq. (54) can be reduced to the simple 
form 


mf, (UK) 


RT { -0 
E¥2=23 slog | A t | 
7 p 
anFV'\Y Dir) 
w= 


—0.049 —log (i1/ix)—(S— p) log (FxCx)} (55) 


In this case it is evident from Eq. (55), that 
a plot of —E,,.—2.3(RT/anF) log (#:/ta) versus 
log (fxCx) should produce a straight line 
with a slope equal to 2.3(RT/anF) (S—p) 
(=59(S—p)/anmV. at 25°C). 

Unfortunately, few experimental data suf- 
ficient for the testing of: the validity of Eqs. 
(53) and (54) are at present available to the 
authors. As an example of the application of 
the theoretical results described above, only 
the irreversible reduction of the ammonia- 
nickel complex ion, which has been recently 
studied by K. Morinaga'”, will be treated in 
the present paper. K. Morinaga has shown 
that the reduction of the ammonia-nickel 
complex ion takes place irreversibly at the 
dropping mercury electrode and the limiting 
current is completely controlled by the diffu- 
sion process. He has also found that the log 
plot gives a good straight line, as predicted by 
Eq. (53), and the slope of the line thus obtained 
is 41., mV. (average), from which he has calcu- 
lated the value of @ resulting in 0.71. Further- 
more, he has measured the half-wave potential 
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as a function of the ammonia concentration 
in the range of 0.2 to 3m. His experimental 
results are shown in Fig. 1 in which the 
circles are experimental points. The curves 
in this graph are theoretical ones calculated 
by means of Eq. (54) on the assumption that 
N=6 and p=2. J. Bjerrum” has determined 
the consecutive dissociation constants for 
the ammonia-nickel system and shown that 
the constants determined by direct experi- 
ment are given as K,=10-?*", K,=10--*4, 
K;=10"'-7, K,=10-'-", K,;=10-°-% and K;= 
10-"."4, respectively, and those corrected on 
statistical grounds are K,=10--”, K,=10""-**, 
K;=10-'-, K,=10-'-, K,=10"- and K,= 
10-°-5!, respectively. Theoretical curves I and 
II in Fig. 1 have been calculated by using 


-0.90 -0.93 -100 -105 -110 “115 


Ez, (V vs. SCE) 

Fig. 1. Half-wave potentials of the am- 
monia-nickel complex ion as a function 
of the ammonia concentration in 0.1M 
KNO;. The curves are theoretical ones 
and the circles are experimental points. 


the former and latter values of the consecu- 
tive dissociation constants, respectively. In 
these calculations, the half-wave potential 
at Cnu,=0.995 nN (—1.033 V vs. SCE) has been 
taken as the standard, and all activity coef- 
ficients which appear in Eq. (54) have been 
taken as if equal to unity since they are at 
present unavailable. The fairly good agree- 


10) K. Morinaga, J. Chem. Soc. Japan (Pure Chem. 
Sect.) (in Japanese), 76, 133 (1955). 
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ment of the experimental points with the 
theoretical curve II shows that the species 
Ni(NH;).** participates in the electron trans- 
fer process, the transfer coefficient being 
equal to 0.71. Moreover, taking the stati- 
stically corrected values for the consecutive 
dissociation constants, 0.89 x 10 cm?/sec.* for 
the diffusion coefficient of the ammonia-nickel 
complex ion and 4-5 sec for the drop time, we 
have calculated the value of the forward rate 


constant of the electron transfer process, k? 
a) 


with the aid of the measured value of 
—1.033 V. vs. SCE (—0.787 V. vs. NHE) for 
the half-wave potential at the ammonia con- 
centration equal to 0.995n. The result ob- 
tained is 


log k? =—16.8 (k?: cm./sec.). 


For the reduction of 
ion, K. Morinaga has shown that the log 
plot produces a good straight line with a 
slope equal to 72mV. and the half-wave pot- 
ential is —1.047V vs. SCE (—0.801V. vs. 
NHE). Using these data, we have also cal- 


the hydrated nickel 


culated the forward rate constant, k}, and 


the transfer coefficient, @, with the aid of 
the theory developed in the previous paper”. 
The results obtained are 


a=0.40, log k7=—13.7 (kf: cm./sec.). 


* According to the experimental results of K. Mori 


naga), the ratio of the diffusion limiting current of 
the ammonia-nickel complex ion to that of the hydrated 
nickel ion, which is equal to the ratio of the square roots 
of the corresponding diffusion coefficients, is given as 

2.22. Since the diffusion coefficient of the hydrated 
nickel ion at infinite dilution is 0.69107 cm2/sec., the 
diffusion coefficient of the ammonia-nickel complex ion 


may be calculated as 0.89 107' cm2/sec. 
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In this calculation we have taken 0.69x 10-5 
cm?/sec. for the diffusion coefficient of the 
hydrated nickel ion and 4-5sec. for the drop 
time. 

It is seen from the results obtained above 
that the complex formation of the hydrated 
nickel ion with ammonia decreases the for- 
ward rate constant of the electron transfer 
process and on the other hand increases the 
transfer coefficient. 


Summary 


Under the assumption that the electrolytic 
reduction of the complex metal ions at the 
dropping mercury electrode follows the me- 
chanism expressed by Eqs. (3) and (4), the 
general expression of the current-voltage 
curve has been derived by solving the cor- 
responding diffusion problem with the same 
accuracy as the Ilkovic equation, and the 
special two cases corresponding to the re- 
versible and irreversible electron transfer 
process have been discussed in some detail. 
Moreover, as an example of the application 
of the present theory, the irreversible reduc- 
tion of the ammonia-nickel complex ion has 
been analysed by the aid of the experimental 
data given by K. Morinaga. A fairly good 
agreement between the experimental data 
and the theoretical results has been obtained, 
and it has been found that the species 
Ni(NH;).+* participates in the electron trans- 
fer process with the forward rate constant 
equal to 10-'*-‘ cm./sec. and the transfer coef- 
ficient equal to 0.71. 


Government Chemical Industrial Research 
Institute, Tokyo 
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The Quasi-Static 


Drawing of Polycapramide. II. The Effects of Humidity, the Hetero- 
geneity of Polymer's Fine Structure investigated through the Moisture 
Adsorption and the Behavior of Deformation, and Lowering of the 


Introduction 


The effects of temperature of the quasi- 
static drawing of polycapramide in the com- 
pletely dried state were described in the 
previous paper”. In succession, the effect 
of humidity on the occasion of drawing at 
constant temperature of 20°C and the effects 
of temperature on the occasions of drawing 
at constant humidities of 10% and 65% or 
of drawing in water were investigated. In 
this paper the experimental information and 
its discussions are treated. 

The procedures, with which the quasi-static 
isothermal elongation-stress curves were esti- 
mated, are identical with those in Part I». 
The apparatus shown in Fig. 1 (A) and (C) 
of Part I were used®). The test materials 
were common with Part I; i. e. the unstretch- 
ed polycapramide monofilament of 60. 0 denier 
(¢ 0.086mm.), spun from the melt through 
chilling with air, were used. 

In course of drawing, one or two neckings 
occur under coexisting of stretched and 
unstretched phases excepting the case of 
drawing in water. During the procession of 
necking, the stress was kept almost constant 
(Wc); but the additional stress (4Wc) was 
demanded besides We for the formation of 
the necking. We is temporarily assumed to 
be the yield stress. The elongations, where 
the necking appears and disappears, are 
denoted with a@., and a@-, respectively and 
(@ea—Q@e,) is denoted with a. These _nota- 
tions (Wc, 4AWe, Ge, Qeo, and @-) are illus- 
trated, for example, at 20% relative humidity 
in Fig. 1 [B]. 


* Presented at the symposium on polymer science of 
the Chemical Society of Japan in Nagoya, November 11, 
1954. 


1) Contributed to This Bulletin. 

a) The test material had been stored for 24-48 hr. in 
the humidity at which measurement was intended. 
Measuring was started 2-3 hr. later, than the setting of 
the specimen to the cramp in the measuring vessel. 
Especially, in case of 0% humidity, the specimen was 
previously dried out with phosphorous pentoxide for 
seven days and furthermore dried for twelve hours in 
the measuring vessel after setting to the cramp. 


Second-order Transition Temperature by Adsorbed Water* 


By Hirosuke YUMOTO 


(Received August 8, 1955) 








The Results of Measurements 


The elongation-stress curves obtained in various 
humidities at 20°C are given in Fig. 1 [A]-[D]. 
When the relative humidity was less than 10%, 
stretching was not smooth and sometimes rupture 
happened midway of stretching, and moreover 
the randomness among all measurements was 
large; but when the relative humidity was more 
than 20%, the behavior was reversed. In case 
the stretch was not smooth the curve obtained 
is zigzag partially, which is smoothed in Fig. 1. 
In case of drawing in water, no necking was 
observedjand the specimen seemed to be elongated 
homogeneously in the whole course of drawing to 
rupture. The values of We and a¢2 are larger 
in lower humidities. All of the curves at various 


humidities have each an inclination to converge 
[A] 


f O%R.E. 


(yee 





30 








\ eR. y. 
ep 20 
Dn 
D 
Pat 
ae 
* 100 200 320 
Elongation (%) 
[B] 
j 
31 20°R.H ae, 
a * . AS WRI. 
2 2 AN An = 40% 1 
7) 
© a 
a 


diame : 
200 %, 300 


Elongation (%) 




















































142 


Stress (g.) 


to 


Hirosuke YUMOTO 


[C] 








30 
= 60% R.H. 
© 9 
2 ~& 70%R.H. 
ve 
‘= 
PD 
10 
0 
0 100 200 300 
Elongation (%) 
[D] 
30 
= 90%R.A 
& 
% 1 Steeping 
2 in water 
o »p 


0 100 00 300 400 


Elongation (%) 

Fig. 1. The elongation-stress curves of 
polycapramide at various’ relative 
humidities and constant temperature of 
20°C. 


40 





0 100 200 300 400 


Elongation (%) 

Fig. 2. Three domains’ schematically 
divided in the elongation-stress phase 
space at 20°C (a: Only unstretched phase 
existing, b: Only stretched phace exist- 
ing, c: Unstretched and _ strectched 
phases coexisting). 


the curve of the sample drawn in water as 
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schematically shown in Fig. 2. In Fig. 2 the 
phase space can be distinctly divided in three 
domains; in the first domain only the unstretched 
phase exists, in the second domain the unstretched 
and the stretched phases coexist, and in the third 
domain only the stretched phase exists. It is 
noteworthy in appearance but it is not considered 
to have profound physical meaning. 

The additional stress (4Wce) has a maximum at 
about 30% relative humidity. 

The values of the stress and elongation in 
relation to rupture were random, so the humidity 
effects on them could not be studied. The values 
of them are always in the range of 20-25 g. stress 
and 200-400% elongation. 

The elongation-stress curves of the samples 
drawn at various temperatures and a constant 
relative humidity of 10% or 65%, are given in 
Fig. 3 and Fig. 4. The curves of the samples 
drawn in water at various temperatures, are 
given in Fig. 5. In case of 10% relative humidity, 
smooth stretchings were possible above 40°C but 
not below 30°C. In other cases stretchings were 
always smooth. 
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Fig. 3. The elongation-stress curves of 
polycapramide at various temperatures 
and constant relative humidity of 10%. 
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Fig. 4. The elongation-stress curves of 
polycapramide at various temperatures 
and constant relative humidity of 65%. 
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Fig. 5. The elongation-stress curves of 


polycapramide at steeping in water of 
various temperatures. 


Discussion 


The values of We and 4We at 20° are 
plotted against the relative humidities (R. H.) 
and against the values of weight percent of 
moisture adsorbed (w) in equilibrium with 
each of the relative humidities in Fig. 6 and 
Fig. 7. The values of @-, and Q@ce are 
similarly plotted in Fig. 8 and Fig. 9. In 
these figures the length of lines at the 
positions plotted indicates the measure of 
randomness. The values of w are quoted 
from the date” about the isothermal moisture 
adsorption of unstretched polycapramide fila- 
ments which are not heat-treated. 


Stress (g.) 





0 20 40 60 80 100 


Relative humidity (%) 

Fig. 6. The yield stresses (W-) and the 
additional stresses (4W-) at various 
relative humidities. 

2) K. Hoshino and H. Yumoto, J. Chem. Soc. Japan, 

70, 104 (1949) (in Japanese). 
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Stress (g.) 





Amount of moisture adsorption (%) 


Fig. 7. The yield stresses (W-) and the 
additional stresses (4W-) at various 
amounts of moisture adsorption. 
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Fig. 8. The two phases coexisting regions 


of elongation (a¢2—ac¢;) at various relative 
humidities. 


In Fig. 6 or Fig. 7, a singular point is 
explicitly recognized at 10-30% R.H. or 
1.0-2.0% moisture adsorption. The bound- 
ary between the smooth and the non-smooth 
stretching or the maximum of the additional 
stress lies roughly on the environs of the 
above limits. But in Fig. 8 or Fig. 9, the 
singularity is recognized at about 50% R.H. 
or 3.5% moisture adsorption. 

Fig. 10 represents the empirical relation 
between the amount of water adsorbed and 
the isosteric differential heat of adsorption 
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Elongation (%) 





Amount of moisture adsorption (%) 
Fig. 9. The two phases coexisting regions 
of elongation (@er-a-,) at various amounts 
of moisture adsorption. 


from liquid water (JH)”. The shape of the 
curve in Fig. 10 is similar to that in Fig. 6. 
If the values of We are plotted against 4H 
on trial, the nearly linear relation is obtained 
as shown in Fig. 11. Making use of this 
empirical relation, JH of the initial adsorp- 
tion, which is difficult to be determined from 
the data of isothermal adsorption, is easily 
evaluated by extrapolation and found to be 
—(3.5-4.0)kcal./mol. Besides, it is verified 
from this linear relation that each of the 
singular points found in both of the curves 
of Fig. 6 and Fig. 10 lies on the same value 
of w. Therefore the remarkable change of 
the mechanical property of polycapramide at 
1-2% moisture adsorption is suggested to be 
concerned with some change in the situations 
of water molecules adsorbed. 

On the other hand another singularity 
found at 50% R.H. or 3.5% moisture adsorp- 
tion as seen in Fig. 8 or Fig. 9 does not 
appear at all in Fig. 10. But beyond this 


keal./mol.) 


(4H) ( 





Amount of moisture adsorption (%) 
Fig. 10. The isosteric differential heats 
of moisture adsorption to polycapramide 
(4H) at various amounts of moisture 
adsorption (Hoshino and Yumoto). 


[Vol. 29, No. 1 


Yield stress (g.) 





AH (—kcal./mol.) 


Fig. 11. The relation between the isosteric 
differential heats of moisture adsorption 
(4H) and the yield stresses (W,). 


humidity the amount of adsorption increases 
sharply and moreover begins to deviate from 
the values estimated semiempirically with 
the general equation of Brunauer, Emmett, 
and Teller”. 

In addition to the experiment in which 
fine filaments (¢ 0.086 mm.) are used as the 
sample, the elongation-stress curves of un- 
stretched polycapramide monofilament (¢ 
1.67 mm.) which was manufactured by quench- 
ing the extruded melt with water, were 
recorded by means of the Schopper-style 
tensile tester; the rate of elongation was 
about 5.6% per second. The test materials 
had been stored in the vessels, where the 
relative humidity was kept constant in the 
range from 0% to 95%, for more than three 
weeks in order that they can be brought 
sufficiently into equilibrium of moisture ad- 
sorption. Measurements were performed in 
atmosphere of 65% R.H. as soon as the 
specimens were taken out from the vessel. 
The result of these measurements also shows 
that the singularity in regard to @.. appears 
at 50-60% R.H. And also the necking is 
not observed in the whole course of drawing 
when the specimen has been steeped in water 
for twenty-two hours. It was observed that, 
throughout the coexistent state of unstretch- 
ed and stretched phases, elongation in either 
of the two phases scarcely ever occurred and 
the stretch of the entire specimen was almost 
entirely attributed to the elongation through 
transformation from unstretched into stre- 
tched phase. 


Then approximate sectional areas of each 
phase during the coexistent state can be 
tentatively calculated from the values of 
Qe, an Gea”). The ratio (7) of the sectional 


b) If the initial sectional area of specimen is A, the 
sectional area of unstretched phase is A/(1+a,,/100), 
and that of stretched phase is A/ (l+a,, 100). The ratio 
(r) is (1+a,,/100)/(1+a,,/100). 
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area of the stretched phase to that of the un- 
stretched phase is larger, the lower the hu- 
midity. These ratios are plotted against the 
amounts of moisture adsorbed in Fig. 12, 
where the singularity can be found only at 
ca. 3.5% adsorption. 


iN 


oe 


Ratio (7) 
~ 


fa fs 


0 taal cai tie ti 
0 


2 4 6 8 10 12 


Amount of moisture adsorption (9%) 

Fig. 12. The ratios of sectional area of 
stretched phase to that of unstretched 
phase at various amounts of moisture 
adsorption. 


M. Tsuboi investigated the molecular 
state of water adsorbed in polycapramide by 
means of the infrared absorption bands». 
The infrared spectrum was measured, the 
specimen being exposed to air of 76% R.H. at 
11°C; therefore its moisture adsorpticn must 
be ca. 6%. His result shows that O-H band 
of adsorbed water is observed at 2.86 uw only. 
According to his consideration none of the 
adsorbed water molecules has any free OH 
groups and both of two OH groups are 
perturbed through Q-H-:::::: O bonding by the 
two peptide oxygen atoms (located near to 
each other). This fact may indicate that 
all of the adsorbed water molecules are 
directly linked to polycapramide molecules 
and then they are situated in the adsorption 
of the first layer. If this proves to be the 
case, the singular change of JH at 1-2% 
moisture adsorption is conceivably due to 
altering of the sort of sites for adsorption. 
4H, below and above this singular point, 
may be assumed to be ca —(3. 5-4) kcal./mol. 
and ca —1kcal./mol. 

Consequently, the next conclusions are 
deducible: below 1.2% adsorption the water 
molecules are linked to some sites in the 
region, where flow cannot occur, because 
they can not easily affect the yield stress. 
Such a region may be considered to be that 
where the chain molecules are arranged into 
a lattice. The water molecules are adsorbed 
to the sites which are the disordered places 
contained in this lattice, and take compara- 


3) M. Tsuboi, This Bulletin, 25, 160 (1952). 
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tively stable configurations. Because the 
adsorbed water begins to have a large influ- 
ence on the yield stress beyond 1.2% adsorp- 
tion, it follows that, almost of the sites in 
the lattice having been already occupied by 
the water molecules, the sites in the region 
where flow can occur begin to be occupied 
by water molecules®. From 1.2% to 3.5% 
adsorption the effect of adsorbed water on 
the drawing behavior is exceedingly large, 
but beyond 3.5% it is a good deal smaller 
(Fig. 12). In the following consideration of 
the polymer’s structure it may be possible 
that the former is an adsorption on the 
sites in the partially arranged regions which 
make the boundary of the arranged regions 
(micelles) and the latter is that on the sites 
in the completely amorphous regions. The 
author believes that the deformation of poly- 
mer can be regarded as that of the complex 
structure made of strong and weak networks. 
The former, which is tentatively called the 
primary network, is constituted from bundles 
of chain molecules and contains the arranged 
regions (micelles) together with their bound- 
aries. The latter, which is tentatively called 
the secondary network, is constituted from 
the single chain molecules which are entan- 
gled with each other and fill the space among 


‘the primary networks. On deforming such 


a complex network, the micell behaves like 
a rigid body and the flow in the primary 
network must occur only at the boundaries 
of the micells. The measured yield stress is 
the sum of individual resistances caused 
against flow in the primary and the secondary 
networks and the stress caused in the pri- 
mary network should be expected to hold 
the leading proportion. The behavior of the 
secondary network, however, has an impor- 
tant function in determining the deforming 
features of the entire complex network. The 
detailed discussion” on the mechanism of 
deformation shall be described in a subse- 
quent paper. At any rate, the results ob- 
tained can give some experimental founda- 
tions to establish the fine structure of poly- 
mer and the mechanism of its deformation. 


c If the number of sites for adsorption with JH of 


— 3.8 kcal./mol. is N., that with 4H of 1.0 kcal./mol. is 
Ne, and the number of sites already occupied by water 
molecules is Ni’ or Na’ respectively, the ratio (P2/P1) 
of probabilities with which one of sites not yet occupied 


in either of both groups will be occupied by next water 

molecule is as following; P2/P1=(N2—Ne’) exp ( i) 
N me (3800 . 7 ‘ oy ieaced 

/(Ni-N1’) exp RT = (Ne—Ne’)/(Ni-Ni’) 1/100( R= 


2cal., T=300°K). Then division can be made fairly 
definitely. 

4) H. Yumoto, presented at the symposium on rheology 
of the Chemical Society of Japan in Tokyo, June 3, 
1955. 








146 Hirosuke 


The temperature dependency on the behav- 
ior of drawing at 10% or 65% R. H. is dis- 
cussed as follows. The values of We and 
4Wce obtained from Fig. 3 and Fig. 4 are 
plotted against the temperature in Fig. 13 
and Fig. 14. 


40 


Yield stress (g.) 





0 20 40 60 80 100 
Temperature (°C) 
Fig. 13. The yield stresses at various 
temperatures and constant relative 
humidities of 10% and 65%. 





0 20 8640 60 = 80 100 


Additional stress (g.) 


Temperature (°C) 
Fig. 14. The additional stresses at various 
temperatures and constant relative 
humidities of 10% and 65%. 


In case of 10% R. H. a singular point is 
found at 30-40°C in both figures. This sin- 
gularity has presumably the same physical 
meaning as that revealed at 70-80°C on the 
occasion of drawing at 0% R. H., i.e. in 
completely dried state. (cf. Fig. 3 in Part I") 
In case of 65% R. H. there is no singular 
temperature within the observed range, but 
it seems likely to exist below 20°C. 

The amount of adsorption is less at a 
higher temperature even if the relative hu- 
midity is the same; for instance, the amount 
of water adsorbed on the unstretched, poly- 
capramide filaments which are not _ heat- 
treated is 0.77% at 25°C or 0.58% at 40°C 
in case of 10% R. H. and 4.8% at 25°C or 
4.4% at 40°C in case of 65% R. H.” Although 
Wc should decrease with increase of water 
adsorbed, as a matter of fact, We becomes 


YUMOTO [Vol. 29, No. I 
smaller at a higher temperature. This indi- 
cates the direct influence of temperature to 
be strong. Therefore this singularity must 
be ascribed to the fact that the micro-Brow- 
nian motion is either frozen or not in the 
region where flow between chain molecules 
can occur practically. Moreover, according 
to the complex network presented above, the 
microscopic state of the boundary region 
between micells gives the exceedingly great 
influence on the value of We and, therefore, 
the micro-Brownian motion under discussion 
will not be that in the completely amorphous. 
region, i.e. in the secondary network, but 
that in the boundary region between micells. 

It is proved consequently that the so-called 
polymer’s second-order transition tempera- 
ture, which is considered to be related to 
the microscopic state in any amorphous re- 
gion, is lowered with increase of the amount 
of water adsorbed; e.g. it is 70-80°C at com- 
pletely dried state (cf. Part I"), 30-40°C at 
less than 1% adsorption, or lower than 20°C 
at 4-5% adsorption. These values of the 
adsorption are the weight per-centage of 
entire amount of water adsorbed to the 
entire adsorbent; at present the weight per- 
centage of water adsorbed in regard to only 
the adsorption on any limited region, i.e. the 
boundary region between micells, cannot be 
estimated. 

The results of drawing in water at various 
temperatures given in Fig. 5 exhibit no sin- 
gular temperature in the observed range. 


Conclusion 


The effects of humidity, namely water 
adsorption, in case of isothermal quasi-static 
drawing of unstretched polycapramide fila- 
ments at constant temperature of 20°C were 
investigated. Interesting results, suggestive 
of the fine structure of polymers and the 
mechanism of its deformation, were obtained. 
Generally the necking appears under coexi- 
stence of unstretched and stretched phases 
in course of drawing, but the necking is not 
observed in case of drawing in water. Dur- 
ing the state, in which both phases exist, 
the stretch of the entire specimen is almost 
entirely attributed to elongation through 
transformation of the unstretched into the 
stretched phase. The yield stress (Wc) for 
proceeding of necking shows sharp increase 
at the moisture adsorption of less than 1-2% 
and the additional stress (4Wc) required for 
formation of the necking exhibits a maximum 
as shown in Fig. 7. The amount of water 
adsorbed where this singular point lies is 
identical with the position at which the 
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isosteric differential heat of adsorption (4H) 
changes markedly. 4H of the initial adsorp- 
tion can be evaluated to be —(3.5-4) kcal./ 
mol. from the empirical relation between 4H 
and Wc. Such a result suggests that a de- 
formation of the heterogeneous fine structure 
of polymer bears a close relation to moisture 
adsorption. The ratio (7) of sectional areas 
of both phases during the state of their 
coexistence increases sharply at the water 
adsorption less than 3.5% (50% R. H.) as 
shown in Fig. 12. 

The molecular state of the water adsorbed, 
which has been revealed with the infrared 
absorption bands by M. Tsuboi, indicates 
that all of the adsorbed water molecules are 
directly bound to the polycapramide molecules ; 
therefore the variety in the heat of adsorp- 
tion should be due to the variety of adsorp- 
tion sites. If water is adsorbed to the sites 
located in the region where flow can occur, 
it may facilitate the deformation of polymer. 
Now it may be possible to conclude as fol- 
lows. Water molecules of less than 1.2% 
adsorption are situated at the sites in the 
fairly arranged regions, that is micells (U), 
and have no influence upon the magnitudes 
of We andy. Water molecules corresponding 
to the range of adsorption from 1.2% to 
3.5% are situated at the sites in the parti- 
ally arranged boundary regions between 
micells (Vab) and have a great influence 
upon the magnitudes of Wc and 7. Water 


/ 


molecules corresponding to more than 3.5% 


adsorption lie at the sites in the completely 
amorphous intermiceller regions (Vc) and 
have little influence upon the magnitudes of 
Wc and y. As the magnitude of yield stress 
(Wc) is mainly determined by the steric 
resistance against flow in Vab regions, the 
so-called polymer’s second-order transition 
temperature (Tf) of polycapramide seems to 
be the temperature, at which the micro- 
Brownian motion in Vab regions becomes 
effectual within the time of observation. 

The effects of temperature on the occasions 
of drawing at constant humidities of 10% 
and 65% or of drawing in water were investi- 
gated. It is proved from this result that Tf 
is at 70-80°C in the completely dried state 
(cf. Part I), at 30-40°C if the moisture adsorp- 
tion is less than 1%, and at the temperature 
lower than 20°C if the moisture adsorption 
is 4-5%. 

The detailed arguments on the subject of 
the deformation mechanism, which can be 
deduced from this series of studies, shall be 
described in a subsequent paper. 


The author wishes to thank Dr. K. Hoshino 
and Dr. H. Kobayashi who instructed him on 
his studies and permitted the publication, 
and Mr. M. Nakata who collaborated with 
him on experiments. 
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Introduction 


Both hydrargillite and bayerite are syn- 
thetic alumina-trihydrates, the latter being 
considered to be a metastable form, while 
boehmite is a synthetic alumina-monohy- 
drate. Starting from a solution of sodium 
aluminate, hydrargillite is obtained by slow 
hydrolysis owing to seeding as in the case 
of Bayer process, the bayerite is yielded by 
rapid precipitation through introduction of 


carbon dioxide gas at 40°C, and the boehmite 
is produced by ‘precipitation with sodium 
bicarbonate. The boehmite and the bayerite 
can also be prepared by steam digestion of 
the hydrargillite and by the action of water 
on an amalgamated aluminium respectively. 

The bayerite is, on being heated, trans- 
formed into a poorly crystallised boehmite, 
followed by an extremely poorly crystalline 
and then a more completely ordered 7-modi- 
fication of alumina, the latter being said to 
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be changed to a-modification at temperatures 
higher than about 1200°C. 

The present authors have applied cathodo- 
luminescence spectrum of samarium to eluci- 
date the thermal decomposition process of 
the bayerite and the boehmite. 

In the present paper are shown some re- 
sults of investigations on cathodo-lumines- 
cence spectra of samarium imbedded in sam- 
ples of alumina, which have been produced 
from bayerite and boehmite. 


Experimental Results and Discussion 


Results of cathodo-luminescence 
for samarium-bearing samples of alumina, 
which were derived from boehmite and 
bayerite prepared in various ways, are de- 
scribed separately and some discussions con- 
cerning them are also given. 

1) On Aluminas derived from Boehmite, 
which is produced in a Solution of Sodium 
Aluminate.—Boehmite was precipitated from 
a solution of sodium aluminate by sodium 
bicarbonate'’. This precipitate was washed 
with water as usual, dried at 110°C, soaked 
in a solution of samarium nitrate and then 
converted to anhydrous alumina by calcina- 
tion, either over a blast flame of coal gas 
mixed with air or in a direct flame of coal 
gas mixed with oxygen. These samples of 
samarium-bearing alumina were submitted to 
spectrographic investigations of their cathodo- 
luminescences. Fig. 1, (a), (b) and (c) re- 
present the results schematically. 


spectra 
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Fig. 1. Schematic representation of 
cathodo-luminescence spectrum of sama- 
rium-bearing alumina derived from 
boehmite, which was precipitated from 
sodium aluminate solution by 
bicarbonate. 


sodium 


There appeared, as can be seen from Fig. 
1 (a), D-line of sodium (589 my) and three 
luminescence bands at 602, 608 and 613 my, 


1) A.S. Russell and C.N. Cochran, Ind. Eng. Chem., 
42, 1337 (1950). 
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in addition to four bands of the luminescence 
prototype I*’, namely two bands in a spectral 
region of 640-650 my and two bands in 560-570 
my, after the sample had been calcined over 
a blast flame of coal gas mixed with air. 
A band situated at 602 my may be ascribed 
to the luminescence prototype III”, while 
bands at 608 and 613 my may be ascribed to 
either the luminescence prototype II” or III. 
The appearance of D-line of sodium in the 
cathodo-luminescence spectrum indicates that 
alkali was not removed by an ordinary wash- 
ing with water from the precipitate of the 
boehmite prepared in a solution of sodium 
aluminate. 

Several bands of the luminescence proto- 
type II were perceptible and the D-line faded 
away in the cathodo-luminescence, as shown 
in Fig. 1 (b), when this sample of alumina 
had been heated more intensely, namely in 
a direct flame of coal gas and oxygen for a 
short time. A band was seen at 609 my, and 
another band at 602 my which was of a mo- 
derate intensity in Fig. 1 (a) became most 
intense. 

After being roasted further in a flame of 
coal gas mixed with oxygen, this sample 
exhibited cathodo-luminescence bands of the 
prototype II at 587.5, 609, 616.5 and 623 my 
(Fig. 1, c). The facts that two bands situated 
at 594 and 600my were very intense and 
only one relatively strong band at 644myp 
was seen in a spectral region of 640-650 my, 
would be characteristic of the sample of 
alumina under consideration, and would show 
that this sample was not composed of the 
pure a@-modification. It is to be mentioned 
that the peak of a band near 600 my shifted, 
as the duration of heat treatment was leng- 
thened, slightly toward a short wave-length 
side, namely from 602 to 600my. The con- 
clusion may thus be drawn from the above 
experiment that small amounts of alkali re- 
maining in the precipitate of the boehmite 
washed with water as usual, exerted con- 
spicuous influences upon the luminescence 
spectrum of the impregnated samarium. 

Hydrochloric acid was added for the pur- 
pose of removing the tenaciously sticking 
alkali from the sample of the boehmite and 
thus the alkali was converted to sodium 
chloride. This sodium compound was then 
found to be easily eliminated by an ordinary 
washing with water. 

The sample of the boehmite thus purified 
has been dried at 110°C, moistened with the 
solution of samarium nitrate and calcined 
in flames of coal gas-air and of coal gas- 


2 E. Iwase, This Bulletin, 28, 596 (1955). 
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oxygen respectively. The cathodo-lumine- 
scence spectrum consists, in the former case, 
of prototype I (Fig- 1, d), while in the latter 
case almost entirely of prototype II, except 
that a broad luminescence band of prototype 
I with its intensity-maximum at 601 my re- 
mains still fairly intense (Fig. 1, e). Here 
the normal 7f-@ transformation of alumina is 
assumed to have been taking place. 

It is well known that the so-called §-*, or 
¢-modification**»*»» happens to be produced, 
when appreciable amounts of alkali are pre- 
sent in the alumina. The considerable varia- 
tions observed in the feature of luminescence 
spectrum of samarium when the alkali is 
present, may presumably be attributed to the 
formation of alumina resembling the £-, or 
€-modification. 

Two intermediate anhydrous aluminas were 
reported in the transformation sequence from 
the boehmite to @-alumina, according to X- 
ray studies by Thibon*’, Brown”, and Pret- 
tre’, while three were reported according to 
those by Stumpf!”, Funaki'”, Day'®, Brown”, 
and Prettre™. For instances, Stumpf et al”. 
stated that a transformation from the boeh- 
mite to anhydrous alumina proceeds in the 
following sequence, Boehmite>7-alumina—o- 
alumina—@ alumina-»a@-alumina, and _ the 
boehmite begins to be dehydrated at 360°C 
and is converted to nearly anhydrous alumina 
at 450°C. The 7-, 6- and @-aluminas are con- 
sidered to be essentially intermediate forms 
having oxygen network of cubic close-pack- 
ing. The plain hexagonal close-packed oxygen 
network of q@-alumina seems not yet attained 
at temperatures much higher than 1200°C, 
as was given in Fig. 7, (c) of Stumpf’s paper”, 
this observation coinciding with a result of 
the present authors that the alumina obtained 
by an intense roasting in a direct flame of 
a mixture of coal gas and oxygen, showed 
a mixed cathodo-luminescence spectrum of 
the prototypes I and II (Fig. 1, e). 

Anhydrous aluminas intermediately pro- 


3) A. F. Wells, ‘‘Structural Inorganic Chemistry,” 
Oxford, Clarendon Press, (1945) p. 335. 

4) H.B. Barlett, J. Amer. Ceram. Soc., 15, 361 (1932). 

5) E.J.W. Verwey, Z. Krist., 91, 66 (1935). 

6) C.A. Beevers and S. Brohult, Z. Krist., 95, 472 
(1936) 

7) H.C. Stumpf, A.S. Russell, J.W. Newsome and 
C.M. Tucker, Ind. Eng. Chem., 42, 1401 (1950). 

8) H. Thibon, J. Charrier et R. Tertian, Bull. soc. 
chim. France, [5] 18, 386 (1951). 

9) J.F. Brown, D. Clark and W.W. Elliott, J. Chem. 
Soc., 1953, 85. 

10) M. Prettre, B. Imelik, L. Blanchin und M. Petit- 
jean, Angew. Chem., 65, 549 (1953). 

11) H.C. Stumpf, A.S. Russell, J.W. Newsome and 
C.M. Tucker, md. Eng. Chem., 42, 1398 (1950). 

12) K. Funaki and Y. Shimizu, J. Chem. Soc. Japan 
(Ind. Chem. Sect.), 56, 53 (1953). 

13) M.K.B. Day and V.J. Hill, Nature, 170, 539 
(1952); J. Phys. Chem., 57, 946 (1953). 


duced, namely 7- and 6-modifications were 
prepared from this purified boehmite by pre- 
vious heat treatments at 550 and 1150°C re- 
spectively. These modifications of alumina 
were, after samarium had been added, heated 
at a moderately elevated temperature, namely 
over a blast flame of coal gas mixed with 
air. Their luminescence spectra caused by 
cathode-ray excitation were investigated, and 
all these were found to be of the simple proto- 
type I, as is given in Fig. 1 (f). However, 
the cathodo-luminescence spectrum of the 
pure prototype II was obtained after these 
modifications of alumina had been subjected 
to an intense heat treatment in a coal gas- 
oxygen flame. Consequently, it was confirmed 
that confused intermediate configurations of 
virtually anhydrous aluminas yielded by 
thermal decomposition of the boehmite, have 
almost no effect on luminescence spectra of 
the resulting aluminas. 

2) On Alumina derived from Boehmite, 
which is produced by Autoclaving of Hy- 
drargillite—The boehmite can also be pre- 
pared by a steam digestion of hydrargillite', 
since the hydrargillite is said to be metast- 
able as compared with the boehmite under 
water at 200°C’. Fine crystals of the hy- 
drargillite, namely the product of Bayer 


‘process were heated in the presence of steam 


at 200, 300 and 340°C for one hour under 
pressure of steam in an autoclave. These 
were washed with hydrochloric acid and then 
with water, and dried at 110°C. It was con- 
cluded from measurements of loss on ignition 
that compositions apparent were AlI,O;-1.7 
H.O, Al,O;-1.2 HO and Al,O,-1.1 H,O for the 
samples subjected to steam treatments at 
200, 300 and 340°C respectively. The dried 
samples thus obtained were, after samarium 
had been added, calcined over a blast flame 
of coal gas mixed with air, and their lum- 
inescence spectra caused by  cathode-ray 
bombardments were investigatéd. The re- 
sults are shown in Fig. 2. 

A sample with its composition very near 
to that of the boehmite gave mainly a lum- 
inescence spectrum of prototype I (Fig. 2, c), 
while those prepared by steam digestion at 
200 and 300°C gave mixed luminescence 
spectra of the prototypes I and II (Fig. 2, a 
and b). Bands of the prototype II were thus 
seen in the cathodo-luminescence spectrum, 


when the hydrargillite remaining undecom- 
posed were present mixed with the newly 
produced boehmite, as in the cases of the 


14) H.C. Stumpf, A.S. Russell, J.W. Newsome and 
C.M. Tucker, Ind. Eng. Chem., 42, 1399 (1950). 
15) ‘‘Gmelins Handbuch anorg. Chem.”’, 35, Alumi- 


nium Teil B, 8 Aufil., Verlag Chemie, Berlin (1934), 
S. 108. 
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Fig. 2. Schematic representation of 
cathodo-luminescence spectrum of sama- 
rium-bearing alumina derived from 
steam-digested hydrargillite. 


above two samples having apparent composi- 
tions of AI,O;-1.7H.2O and AI,O,-1.2 H,O. 
These samples as well as that converted to 
the boehmite gave all the luminescence 
spectrum of the pure prototype II, after an 
intense heat treatment had been made in a 
direct flame of coal gas-oxygen. On the 
other hand, the products derived from the 
hydrargillite by calcination at relatively low 
temperatures, have shown similar results on 
which we will report fully in a later paper. 

3) On Alumina derived from Bayerite, 
which is produced in a Solution of Sodium 
Aluminate.—Bayerite was prepared by rapid 
carbonation of a sodium aluminate solution 
at 40°C'*'», It was washed with water as 
usual, dried at 110°C and wetted by the solu- 
tion of samarium nitrate. The samarium- 
bearing alumina derived from calcination of 
this bayerite at 1000°C for one hour gave, 
under excitation by cathode-rays, a lumine- 
scence spectrum of prototype I accompanied 
by the intense D-line of sodium, as is given 
in Fig. 3, (a). 


650 640 60 620 610 600 590 580 570 560 


(@) —<— mei if 


Wave-length (in my) 

Fig. 3. Schematic representation of 
cathodo-luminescence spectrum of sama- 
rium-bearing alumina derived from 
bayerite, which was produced by carbo- 
nation of sodium aluminate solution. 


16) R. Fricke and H. Severins, Z. anorg. Chem., 175, 
249 (1928); ibid., 179, 287 (1929). 
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A heat treatment of short duration in a 
coal gas-oxygen flame changed the cathodo- 
luminescence spectrum (Fig. 3, b); the D-line 
disappeared, and some bands of prototype II 
could then be seen, being overlapped with 
still remaining bands of prototype I. The 
most intense and sharp band situated at 
602 mz was worthy of note, which was _ per- 
ceptible also in the already-mentioned case 
of the boehmite simply washed. 

The cathodo-luminescence spectrum re- 
mained, on the whole, almost unaltered even 
after the repeated calcination in a direct 
flame of a mixture of coal gas and oxygen 
(Fig. 3, c). Differences were, however, found 
in the wave-length of the peak of the most 
intense band near 600 my and in that of an 
intense band at 640-650 my. These two bands 
shifted toward a somewhat shorter wave- 
length side; the former from 602 to 600 my, 
and the latter from 648 to 646my. These 
observations resembled those in the case of 
the boehmite similarly treated, which the 
authors already referred to. 

The bayerite was made thoroughly free 
from alkali by immersing it at first in hy 
drochloric acid and then washing with water, 
because traces of the alkali, which could not 
have been removed from the bayerite by an 
ordinary washing with water, might be ex- 
pected to cause alterations in the lumine- 
scence spectrum of the impregnated samarium. 
Some experiments similar to those described 
above were carried out with this purified 
bayerite. Samarium was added to this sample, 
which was subsequently calcined at 1000, 1100 
and 1200°C respectively. Only a broad band 
with its intensity-maximum at 601 my, the 
most intense luminescence band of prototype 
I was seen in the case of the sample calcined 
at 1000’°C (Fig. 3, d). A number of weak 
luminescence bands appeared, in addition to 
the intense band near 600 my, when the tem- 
perature of heat treatment had been raised, 
namely bands at 608, 614 and 619myu were 
seen with the sample treated at 1100°C, and 
bands at 608, 614, 619, 624, 637 and 648 mu 
with that at 1200°C (Fig. 3, e). The sample 
roasted in a direct flame of coal gas mixed 
with oxygen gave a peculiar luminescence 
spectrum under cathode-ray bombardment 
(Fig. 3, f). This luminescence spectrum im- 
plied, besides several bands characteristic to 
the prototype II, three bands situated at 
596.5, 643.5 and 564my. The first of these 
was the most intense band of prototype III, 
but the latter two were proved to be smaller 
in the wave-length as compared with the 
corresponding bands of prototype I. 

According to Stumpf et al.” the sequence 
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of thermal transformation from the bayerite 
to a-alumina is as follows: Bayerite—boeh- 
mite—+»-alumina—6@-alumina—a-alumina. The 
6-a transformation, namely a transition from 
a well-crystallised anhydrous alumina of cubic 
close-packed oxygen network to that of hexa- 
gonal one, is said to take place at 1210- 
1260°C, but the transition curve between @- 
and a-alumina was indicated by these in- 
vestigators as a dotted line in their Fig. 6 
(a), which means probably a complicacy of 
this transition, corresponding exactly to the 
present authors’ observation on the com- 
plicated feature of the cathodo-luminescence 
spectrum of samarium as mentioned above. 

Stumpf and others’'? stated that the 
bayerite commences to be dehydrated at 160- 
200°C, is converted to the boehmite at 250- 
270°C and becomes nearly anhydrous alumina 
at 470-500°C. 

Stumpf” as well as Thibon® postulated an 
intermediate formation of the boehmite in 
the way of transition from the _ bayerite 
to anhydrous alumina, while Tertian'® con- 
cluded that the boehmite was sometimes not 
formed. Sato’ arrived at the same conclu- 
sion as that of Tertian from a differential 
thermal analysis. According to Day’ the 
formation of the boehmite is of a secondary 
nature in this case. Anhydrous aluminas 
intermediately yielded during thermal decom- 
position of the bayerite to the a-alumina 
were formerly considered exclusively as 7- 
modification, but they have afterwards been 
subdivided into two” (» and @) or three 
phases'® (7, 6 and @) from the results of X- 
ray investigations. 

The present authors have prepared the 
boehmite and the »-alumina by thermal de- 
composition of the bayerite at 230-270 and 
900°C respectively. The former is a poorly 
crystallised form of alumina-monohydrate, 
and the latter is an extremely poorly cry- 
stalline 7-modification of alumina. Samarium 
ions imbedded in the intermediately produced 
boehmite and anhydrous alumina having such 
a low degree of crystallinity are always found 
to give a cathodo-luminescence spectrum of 
prototype I, so far as these samarium-bearing 
samples of boehmite and anhydrous alumina 
have been treated over a blast flame of coal 
gas mixed with air (Fig. 3, g), but the ca- 
thodo-luminescence spectrum changes clearly 
to prototype II, after these samples have 
been calcined intensely in a direct flame of 


17) A.S. Russell and C.N. Cochran, Ind. Eng. Chem., 
42, 1339 (1950). 

18) R. Tertiane et D. Papee, Compt. rend., 236, 1565 
(1953). 

19) T. Sato, J. Chem. Soc. Japan (Ind. Chem. Sect.), 
55, 66 (1952); 56, 478 (1953). 


coal gas-oxygen. 

4) On Alumina derived from Bayerite, 
which is produced on Amalgamated Alum- 
inium.—The bayerite can also be prepared in 
another way, namely by the action of water 
on an amalgamated aluminium”. This sample 
was dried at 110°C, and samarium was added 
to it. The samarium-bearing bayerite thus 
yielded was subjected to heat treatments. 

The resulting alumina gave, after being 
heated over a blast flame of coal gas mixed 
with air, luminescence bands of prototype I 
accompanied by those of prototype II of low 
intensity under cathode-ray bombardment 
(Fig. 4, a), while that roasted much more 
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Fig. 4. Schematic 

cathodo-luminescence spectrum of sama- 

rium-bearing alumina derived from 

bayerite, which was produced by action 
of water on amalgamated aluminium. 


representation of 


intensely in a direct flame of coal gas mixed 
with oxygen, exhibited those of the genuine 
prototype II (Fig. 4, b). Thermal transitions 
may reasonably be expected to have proceeded 
more simply and more readily in this case 
than in the before-mentioned cases of the 
bayerite and the boehmite, which were pre- 
pared in a solution of sodium aluminate, since 
the present preparation of the bayerite has 
been carried out free from alkali. 

Partial decomposition was previously caused 
by submitting this sample of the bayerite to 
heat treatment at various temperatures; 200, 
400 and 600°C. These intermediately decom- 
posed products were soaked in the solution 
of samarium nitrate and then heated mo- 
derately over a blast flame of coal gas-air for 
lhour. In Fig. 4, (c) and (d) show cathodo- 
luminescence spectra for two of these sama- 
rium-bearing alumina, namely when heated 
previously at 200 and 400°C respectively. 
These luminescence spectra were found to 
be always of the prototype I overlapped by 
luminescence bands of the prototype II, no 
matter at what stages of decomposition sama- 
rium had been added. 

It is to be noted that two bands are per- 
ceptible side by side at 608 and 613 my in 
an immediate vicinity of the spectral region 
of 610 mp in the luminescence spectra given 
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by the samarium-bearing 7-alumina, as shown 
in Fig. 4, (c) and (d), prior to the appearance 
of an intense luminescence band at 609 my 
belonging to thea@-alumina. So far as a final 
heat treatment was carried out over a blast 
flame of coal gas mixed with air, luminescence 
bands of prototype II are seen much more 
distinctly in the cases of samples of alumina, 
to which samarium was added at the inter- 
mediate stages of thermal decomposition, than 
in the cases of those, to which samarium was 
added directly to the dried original bayerite. 
It is thus confirmed that the heating over a 
blast flame of coal gas-air does not convert 
these samples of the bayerite completely to 
the genuine @-alumina. A much higher tem- 
perature is needed for this transition, namely 
1260 or 1300°C, as already reported by 
Stumpf” and Day?” respectively. A cathodo- 
luminescence spectrum of the pure prototype 
II was in fact given by partially decomposed 
products resulting from the calcination of 
the bayerite at 400 and 600°C, when these 
products had been treated in a coal gas- 
oxygen flame after the impregnation of 
samarium. 


Summary 


Investigatious were carried out on cathodo- 
luminescence spectra of samarium ions im- 


20) M.K.B. Day and V.J. Hill, J. Phys. Chem., 57, 
948 (1953 
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bedded in alumina, which had been derived 
from bayerite and boehmite. The mode of 
thermal transformation of these alumina was 
concluded from the spectrographic results 
mentioned above. 

A conversion to anhydrous alumina different 
from a-modification, presumably to #- or ¢- 
modification, occurred owing to the effect of 
the contaminating alkali minutely present, 
when this alumina was derived from calci- 
nation of either boehmite or bayerite, each 
of which had been produced in a solution 
of sodium aluminate. 

The bohemite and the bayerite, purified 
thoroughly from the alkali, as well as those 
prepared in the absence of the alkali are 
readily converted to a- through 7-modification 
of alumina by thermal treatments. 

The heating of the bayerite obtained 
through rapid carbonation of a solution of 
sodium aluminate is not, however, likely to 
result in a simple Y-q@ transformation of 
alumina even when the alkali has been re- 
moved by careful washing. 


This research has been financed by the 
Scientific Research Encouragement Grant of 
the Ministry of Education, to which the 
authors’ thanks are due. 


The Scientific Research Institute Ltd., 
Komagome, Bunkyo-ku, Tokyo 


Cathodo-luminescence of Samarium as Applied to the Structural Studies 
of Alumina. IV. On Alumina yielded by Thermal Decomposition of 
Hydrated Crystals of Aluminium Salts 


By Eiichi Iwase and Seijiro NISHIYAMA 


(Received May 16, 1955) 


Introduction 


Thermal decompositions of aluminium 
salts, such as aluminium nitrate, ammonium 
alum and others come frequently into con- 
sideration for the practical preparation of 
alumina, particularly free from silica. Crys- 
tals of hydrated aluminium nitrate, hydrated 
aluminium sulphate and ammonium alum 
are, on being heated, dissolved in their water 
of crystallisation; they intumesce, lose vol- 
atile constituents and produce alumina as 
residue, while hexahydrated crystals of alumi- 


nium chloride are decomposed to anhydrous 
alumina without melting. 

The present authors have applied cathodo- 
luminescence spectrum of samarium to eluci- 
date the thermal decomposition process of 
some hydrated aluminium salts. 

Samarium-bearing samples of alumina have 
been prepared from the aluminium salts either 
by thermal decomposition in the presence of 
samarium or by the introduction of samarium 
into decomposition products, which were 
yielded through suitable thermal treatments 
of hydrated aluminium salts. Luminescence 
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spectra given by these samples of alumina 
have been investigated under cathode-ray 
excitation and the results are reported in 
the present paper. 

Experimental results and discussions relat- 
ing to them are described separately on 
samples of alumina, according to different 
combinations of the procedures for the 
imbedment of samarium and those for the 
thermal decomposition. 

1) On Alumina derived from Calcination 
of Hydrated Crystals of Aluminium Salts, 
to which Samarium was previously added 


Experimental Procedure 


As much as 2.7, 1.7 and 2.0 ml. of a 1% aque- 
ous solution of samarium nitrate was directly 
added to each 10g. of crystals of aluminium nitrate 
enneahydrate, aluminium sulphate octodecahyd- 
rate and aluminium chloride hexahydrate respec- 
tively, which were subsequently calcined at a 
certain temperature between 800 and 1000°C, or 
in a direct flame of coal gas mixed with oxygen. 
The quantity of the samarium nitrate solution to 
be added was so chosen that samarium calculated 
as oxide would amount approximately to 1% for 
the resulting alumina. Luminescence spectrograms 
of these samarium-bearing aluminas were taken 
under the excitation by cathode-rays and are 
schematically shown in Figs. 1—3. A superior 
quality of alumina has hitherto been prepared 
very often by a calcination of ammonium alum”, 
since the alum can readily be purified through 
repeated .crystallisations in an aqueous solution. 
A series of experiments similar to those mentioned 
above has been carried out on alumina derived 
from the ammonium alum, and the results are 
given in Fig. 4. 


Results and Discussion 


The cathodo-luminescence spectrum tends 
to vary from the prototype I to the prototype 
II, as the calcination temperature has been 
elevated, and the samples of alumina produced 
by the calcination at moderately high tem- 
peratures yield cathodo-luminescence spectra 
of the prototypes I and II overlapped with 
each other. An alumina, produced by calcin- 
ing the hydrated crystals of aluminium nitrate 
at 800°C in the presence of samarium, gives 
a cathodo-luminescence spectrum of the 
typical prototype I, as shown schematically 
in Fig. 1,(a). Luminescence bands belonging 
to the prototype II, namely bands at 609, 
618 and 624my, commence to appear after 
the alumina was heated at about 900°C (Fig. 
1, b) and become fairly intense after heated 
at 950°C (Fig. 1, c). Its luminescence spect- 
rum changes almost completely to the proto- 
type II, when the sample of alumina was 


1) For example A., 2043743. 
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Fig. 1. Schematic representation of 
cathodo-luminescence spectrum given by 
samarium-bearing alumina, which was 
derived from calcination of aluminium 
nitrate enneahydrate in the presence of 
samarium. 

Calcination was made at 800, 900, 950, 


1000°C and in coal gas-oxygen flame for 
(a), (b), (c), (d) and (e) respectively. 


calcined at 1000°C, but a diffuse luminescence 
band with the intensity-maximum at about 
600 my, a characteristic one to the prototype 
I, still remains (Fig. 1,d). With the increased 
calcination temperature, two cathodo-lumines- 
cence bands become at first perceptible at 
608 and 613my, in a spectral region around 
610 my, before a transition from the prototype 
I to the prototype II sets in, and a band at 
609 my begins subsequently to appear, is in- 
creased rapidly in its intensity and at last 
surpasses the intensity of the above two 
bands (compare Fig. 1, b, c and d). 

Fig. 2, (a) and (b) show schematically the 
cathodo-luminescence spectra given by the 
samarium-bearing aluminas, which were pre- 
pared in the presence of samarium through 
the calcination of the hydrated aluminium 
sulphate at 800 and 900°C respectively, while 
Fig. 3, (a) illustrates that of a samarium- 


650 640 630 620 610 600 590 580 S70 S60 
a rs bn tn tn i Ao! 2 Sn se em 


Wave-length (in mp) 

Fig. 2. Schematic representation of 
cathodo-luminescence spectrum given by 
samarium-bearing alumina, which was 
derived from calcination of aluminium 
sulphate octodecahydrate in the pre- 
sence of samarium. 

Calcination was made at 800, 900, 1000°C 
and in coal gas-oxygen flame for (a), (b), 
(c) and (d) respectively. 
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Fig. 3. Schematic representation of 
cathodo-luminescence spectrum given by 
samarium-bearing alumina, which was 
derived from calcination of aluminium 
chloride hexahydrate in the presence 
of samarium. 
Calcination was made at 800, 1000°C 
and in coal gas-oxygen flame for (a), (b) 
and (c) respectively. 
bearing alumina derived similarly by treat- 
ing the hydrated aluminium chloride at 
800°C. 

The aluminas derived by the roasting from 
the hydrated aluminium sulphate and the 
hydrated aluminium chloride, undergo a trans- 
ition toward a@-modification with difficulty. 
To get the cathodo-luminescence spectrum 
of the prototype II is hardly possibie, so far 
as the temperature of the calcination has 
not exceeded 1000°C (Fig. 2, c and Fig. 3, b), 
but it is attained through roasting in a 
direct flame of coal gas mixed with oxygen 
(Fig. 2, d and Fig. 3, c). 

In the before-mentioned case of the alumina 
derived from the hydrated aluminium nitrate, 
the cathodo-luminescence spectrum of this 
prototype II was, however, seen in its fairly 
complete form, being overlapped with lumi- 
nescence bands of the prototype I, after 
treated at 950°C (Fig. 1, c). 

It might reasonably be presumed that 
proper structural transitions would, in some 
respects, be disturbed when the hydrated 
aluminium salts are thermally decomposed 
in the presence of foreign ions, namely sama- 
rium ions in the present case. This anticipa- 
tion is realized by the observation that there 
appears an intermediate stage of alumina 
capable of showing luminescence bands at 
608 and 613my, but wanting a band at 
609 my in its cathodo-luminescence spectrum 
(Fig. 1, b, Fig. 2, a, b and c). 

Finally, crystals of ammonium alum were 
calcined over a blast flame of coal gas-air. 
Samarium was added to the resulting product 
and then the calcination was repeated over 
the blast flame. The cathodo-luminescence 
spectrum given by this sample of samarium- 
bearing alumina was found to consist mainly 

of the prototype I, accompanied by some 
luminescence bands of the prototype II situat- 
ing at 588, 609, 618 and 624 my (Fig. 4, a). 
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Fig. 4. Schematic representation of 
cathodo-luminescence spectrum given by 
samarium-bearing alumina, which was 
derived from calcination of ammonium 
alum in the presence of samarium. 

Calcination was made in coal gas-air 
and coal gas-oxygen flames for (a) and 
(b) respectively. 


According to Gorbunova?’, alumina obtained 
by calcination of ammonium alum at about 
1100°C consists exclusively of 7-modification, 
and the transformation of the 7- to «- 
modification starts at 1150 or 1155°C, while 
Rinne® stated that the resulting alumina is 
composed of the 7-modification so long as the 
calcination temperature of ammonium alum is 
maintained below 1220°C. For a completion 
of the 7-aw transformation, ammonium alum 
should be roasted above 1220°C according to 
Gorbunova”’, and it should be roasted at 
1300°C according to Guseva”. However, the 
cathodo-luminescence spectrum of samarium 
indicates that the alumina derived from the 
calcination of ammonium alum is composed 
of the 7-modification mixed with some am- 
ounts of the a-modification, although the 
calcination has been made at a temperature 
far below that necessary for the yielding of 
the 7-@ transformation. 

The samarium-bearing alumina mentioned 
above gives, after being calcined strongly in 
a direct flame of coal gas-oxygen, a cathodo- 
luminescence spectrum of the genuine proto- 
type II (Fig. 4, b), and thus the complete 
transformation toward the a-modification is 
now surely attained. 

2) Onthe Alumina yielded in the Presence 
of Samarium through Calcination of Prima- 
rily Decomposed Products of Various Alumi- 
nium Salts 


Experimental Procedure 


Hydrated crystals of aluminium salts were 
heated at appropriate temperatures and the solu- 
tion of samarium nitrate was added to resulting 
masses, which were then dried at 110°C and 
ignited over a blast flame of coal gas-air in order 
to ensure the expellation of volatile matters. 
Previous heat treatments prior to the introduction 

2 O.E. Gorbunova and L.I. Vaganova, Khim. Re fe- 

vat. Zhur., 2, 31 (1939); C.A., 34, 2228 (1940). 

3 F. Rinne, Neues Jahrb. Mineral. Geol. Beilage Bd. 

A, 58, 43 (1928). 
4 P.G. Guseva and A.S. Ivanov, Khim. Re/ferat. 
Zhur., 2, 85 (1939); C.A., 34, 3025 (1940). 
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of samarium, were made at 180, 500 and 700°C 
with crystals of aluminium nitrate enneahydrate, 
at 500, 700, 1100 and 1200°C with those of alumi- 
nium sulphate octodecahydrate, and at 200, 550, 
1000 ond 1200°C with those of aluminium chloride 
hexahydrate respectively. These products were 
soaked with the solution of samarium nitrate and 
converted to anhydrous alumina by ignition over 
a blast flame of coal-gas mixed with air. The 
samples of samarium-bearing alumina thus pre- 
pared were subjected to cathode-ray bombardment, 
and spectrograms of the luminescence are schema- 
tically illustrated in Figs. 5-7. 


Results and Discussion 


It is concluded from the investigations on 
cathodo-luminescence spectra shown in Figs. 
5-7 that, irrespective of the same final heat 
treatment at a comparatively low tempera- 
ture, considerable distinctions are seen in 
the feature of the samarium-luminescence 
spectrum, depending upon the kinds of start- 
ing hydrated aluminium salts and the mode 
of their previous heat treatments. The con- 
figuration of the alumina giving rise to the 
luminescence prototype II, namely the a-alu- 
mina structure, seems to be much more readily 
produced by thermal decomposition of alumi- 
nium nitrate enneahydrate than by that of 
aluminium sulphate octodecahydrate and of 
aluminium chloride hexahydrate. 

According to Parravano” three waters of 
crystallisation were, on the heating of alumi- 
nium nitrate enneahydrate, expelled at 73.5°C 
and the resulting hexahydrate, Al(NO;);-6H,O 
changed then to a basic salt, 4Al,0,-3N,0,- 
14H,O at 140°C. This basic salt was decom- 
posed to anhydrous alumina at 200°C. 

The decomposition of the hydrated alumi- 
nium nitrate is now found to proceed as far 
as 86% by a previous heat treatment at 180°C, 
namely 20°C below the temperature necessary 
for the production of anhydrous alumina. 
This partially decomposed product exhibits, 
after being mixed with the solution of sama- 
rium nitrate and ignited over a blast flame 
of coal gas-air, such a cathodo-luminescence 
spectrum as an overlap of the prototypes I 
and II, in which bands of the former proto- 
type are remarkably intense (Fig. 5, a). 

A conversion to the anhydrous alumina was 
already completed, when a previous heat 
treatment had been carried out at 500°C. 
Samarium was introduced into this decom- 
posed product, which was then subjected to 
a final heating over a blast flame of coal 
gas-air. The cathodo-luminescence spectrum 


5) N. Parravano and G. Malquori, Atti II congresso 
naz. chim. pura applicata, 1926, 1131; C.A., 22, 2119 
1928). 


given by this sample was almost entirely of 
the prototype II (Fig. 5, b). 
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Fig. 5. Schematic representation of 
cathodo-luminescence spectrum given by 
samarium-bearing alumina, which was 
derived from calcination of aluminium 
nitrate enneahydrate. 

Temperature of previous heating 
prior to the introduction of samarium 
was 180, 500 and 700°C for (a), (b) and 
(c) respectively. Final heat treatment 
was all made in a coal gas-air flame. 


On heating octodecahydrated crystals of 
aluminium sulphate, anhydrous sulphate was 
formed at about 460°C”, and this was decom- 
posed to alumina and sulphuric oxide gas at 
much more elevated temperatures, for which 
various numerical figures were presented, 
namely 650~850”, 760° and 850~900°C”. 

Samarium was added to anhydrous alumi- 
nium sulphate yielded by a previous heat 
treatment of the hydrated aluminium sul- 
phate at 500°C. A samarium-bearing alumina 
derived by heating this product over a blast 
flame of coal gas-air gives a cathodo-lumines- 
cence spectrum of the typical prototype I 
(Fig. 6, a). 
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Fig. 6. Schematic representation of 
cathodo-luminescence spectrum given by 
samarium-bearing alumina, which was 
derived from calcination of aluminium 
sulphate octodecahydrate. 

Temperature of previous heating 
prior to the introduction of samarium 
was 500, 700, 1100 and 1200°C for (a), (b), 
(c) and (d) respectively. Final heat 
treatment was all made in a coal gas- 


air flame. 
6) Y. Asada, Bull. Inst. Phys. Chem. Reseach, Tokyo, 
17, 1308 (1938). 

7) S. Bretsznajder, Przemyst Chem., 22, 285 (1938); 
C.A., 33, 3974 (1939). 
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When a heat treatment prior to the intro- 
duction of samarium has been made at 700°C, 
a partially decomposed basic aluminium sul- 
phate is probably produced. The samarium- 
bearing alumina obtained by roasting this 
product over a blast flame of coal gas-air, 
shows feeble luminescence bands of the 
prototype II in addition to fairly intense 
luminescence bands of the prototype I (Fig. 
6, b). This means that the above-mentioned 
sample of alumina consists of a mixture of 
the Y- and a-modifications, although Day” 
stated that the alumina obtained by calcining 
the hydrated crystals of aluminium sulphate 
at 1000°C is wholly the pure 7-modification. 
It is to be mentioned that a complete dis- 
appearance of luminescence bands of the 
prototype I is not attained even by intense 
heat treatments at 1100 and 1200°C in the 
case of aluminium sulphate octodecahydrate 
(Fig. 6, c and d). 

When aluminium chloiide hexahydrate is 
heated, it decomposes without melting”. 

According to Parravano”, the thermal de- 
composition curve of aluminium chloride 
hexahydrate showed breaks at 122° and at 
180°C, the latter corresponding to a decom- 
position to anhydrous alumina. 

The resulting samarium-bearing alumina 
gives always the cathodo-luminescence spect- 


rum of the prototype I (Fig. 7, a), when 
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Fig. 7. Schematic representation of 
cathodo-luminescence spectrum given by 
samarium-bearing alumina, which was 
derived from calcination of aluminium 
chloride hexahydrate. 

Temperature of previous heating 
prior to the addition of samarium was 
550~1000 and 1200°C for (a) and (b) 
respectively. Final heat treatment was 
all made in a coal gas-air flame. 

hexahydrated crystals of aluminium chloride 
was previously calcined at a temperature 
between 200 and 1000°C, and then soaked 
with the solution of samarium nitrate, followed 
by ignition over a blast flame of coal gas-air, 
while that previously calcined at 1200°C and 
then treated in a similar way shows the 
cathodo-luminescence spectrum of the pure 
prototype II (Fig. 7, b). 


8) M.K. Day and V.J. Hill, J. Phys. Chem., 57, 950 
(1953). 
9) J.W. Mellor, ‘‘A Comprehensive Treatise on Inor- 


ganic and Theoretical Chemistry’ 
London (1924), 5, p. 316. 


Longmans & Co., 
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Finally, samarium was introduced into 
decomposed products obtained by previous 
thermal treatments of crystals of ammonium 
alum at temperatures below 1200°C. When 
final heat treatment on these samarium- 
bearing samples had been made at a com- 
paratively low temperature, namely over a 
blast flame of coal gas-air, the pure prototype 
I of the cathodo-luminescence spectrum was 
always seen. However, a transition to the 
pure prototype II took place in the cathodo- 
luminescence spectrum, if the temeperature 
of this heat treatment had been much more 
raised by using a direct flame of coal gas 
mixed with oxygen. 

The foregoing studies on the cathodo- 
luminescence spectrum of samarium have 
revealed that the thermal decomposition to 
the qa@-alumina proceeds most readily for 
aluminium nitrate enneahydrate, and with 
difficulty for aluminium sulphate octodeca- 
hydrate and ammonium alum. The cathodo- 
luminescence of samarium is, in general, 
very weak for the alumina previously heated 
at considerably elevated temperatures as can 
be seen from a comparison of Fig. 5, (b) with 
(c), and from that of Fig. 6, (c) with (d 
respectively. From these observations a 
conclusion might be drawn that it is likely 
to be difficult for samarium to enter into 
the configuration of an intensely calcined 
alumina. 


Summary 


Hydrated crystals of some aluminium salts, 
namely nitrate, chloride, sulphate and ammo- 
nium alum were subjected to heat treatments 
in the presence of a small amount of sama- 
rium ions. Cathodo-luminescence spectra 
were investigeted on the samarium-bearing 
aluminas thus resulted. A conversion of the 
luminescence spectrum takes place, as the 
temperature of the heat treatment has been 
elevated, from the prototype I to the proto- 
type II, which corresponds to the 7-@ trans- 
formation of an alumina. It was, however, 
confirmed that there are some differences in 
the facility of this conversion according to 
the kinds of aluminium salts employed for 
the preparation of alumina. 

Some alterations were, furthermore, per- 
ceived in the intensity of luminescence bands 
situating in the vicinity of 610 my, when the 
hydrated crystals of aluminium nitrate were 
submitted to the heat treatments of various 
elevated temperatures. 

Hydrated crystals of these aluminium salts 
were heated previously at various tempera- 
tures between 180 and 1200°C. After the 
addition of samarium ions, they were roasted. 
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The resulting samarium-bearing aluminas 
give rise to cathodo-luminescence spectra, 
which reveal that a conversion to the genuine 
a-modification proceeds most readily in the 
case of aluminium nitrate, while it occurs 
with difficulty in the cases of hydrated 
aluminium sulphate and ammonium alum. 
It seems to be hard for samarium ions to 
enter into the configuration of alumina, when 
previous thermal treatments of aluminium 


salts have been carried out at much elevated 
temperatures. 
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the Ministry of Education, to which the 
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Cathodo-luminescence of Samarium as Applied to the Structural Studies 


of Alumina. 


V. On Alumina Derived from Hydrargillite by Thermal 


Treatments 


By Eiichi IwAse and Seijiro NISHIYAMA 


(Received June 13, 1955) 


Introduction 


As is well known, hydrargillite is a stable 
form of alumina-trihydrate and is obtained as 
an industria! product of Bayer process through 
slow hydrolysis of sodium aluminate solu- 
tion. Its thermal dehydration and trans- 
formation have been studied by numbers of 
investigators, since these are important pro- 
blems from a practical point of view. 

Mechanisms regarding thermal dehydration 
and transformation of the hydrargillite to 
a-alumina are very complicated. It has, 
until quite recently, been presumed that the 
thermal decomposition of the hydrargillite 
occurs through a singular consecutive se- 
quence”. A dual series of thermal trans- 
formation of the hydrargillite has, however, 
been postulated by Brown” and Day”. 

The present authors have applied a tech- 
nique of the cathodo-luminescence spectrum 
of samarium to the investigations on the 
feature of the thermal decompositions of the 
hydrargillite. The results obtained and some 
interpretations relating to them are given in 
this paper. 


Experimental 


For the purpose of removing as much as pos- 
sible of the remaining alkali, the sample of hy- 


1) For example, H.C. Stumpf, A.S. Russell, J.W. New- 
some, and C.M. Tucker, Ind. Eng. Chem., 42, 1398 
(1950). 

2) J.F. Brown, D. Clark and W.W. Elliott, J. Chem. 
Soc., 1953, 84. 

3) M.K.B. Day and V.J. Hill, Nature, 170, 539 (1952); 
J. Phys. Chem., 57, 946 (1953). 


drargillite obtained by Bayer process was treated 
as follows; it was at first immersed in hydrochlo- 
ric acid, washed with water, and then dried at 
110°C. Experimental results are described sep- 
arately in two parts, according to the degree of 


.thermal decomposition of the purified hydrargillite 


prior to, and the calcination temperature after 
the addition of samarium, which acts as an ac- 
tivator for causing cathodo-luminescences. 

1) Onthe Samarium-bearing Alumina derived 
from Calcination of Pydrargillite, at its dried 
State Samarium Being added Initially.—One ml. 
of 1% samarium nitrate solution was added di- 
rectly to each 1g. of the purified hydrargillite 
mentioned above, which was then calcined either 
at a temperature between 750 and 940°C or in a 
direct flame of coal gas mixed with oxygen. 
These samarium-bearing aluminas were exposed 
to the action of cathode-rays and the luminescence 
brought about was spectrographically investigated 
by employing a glass-prism spectrograph of Feuss. 

Luminescence bands of the prototype IIl become 
much more distinct, being accompanied with bands 
of the prototype I”, as calcination has been made 
at a more elevated temperature. Variations in 
the feature of the cathodo-luminescence spectrum 
are related with the temperature of one hour’s 
heat treatment as follows; bands of the prototype 
II commence to appear with a sample, which has 
been subjected to’a heat treatment at about 750°C. 
and these bands become considerably more intense 
with that at 850°C. Luminescence bands of the 
prototype I remain unaltered, so far as the calci- 
nation temperature of the sample has not exceeded 
940°C. The sample gives cathodo-luminescence 
bands of the genuine prototype II, without being 
accompanied by any band of the prototype I, after 
being heated at a greatly elevated temperature, 


4) E. Iwase, This Bulletin, 28, 596 (1955). 
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namely in a direct flame of coal gas mixed with 
oxygen. The structural change from an alumina 
giving rise to the cathodo-luminescence bands of 
the prototype I into that of the prototype II, cor- 
responds to a transformation between the so-called 
T- and @- modifications of alumina. A ready and 
gradual ?Y-« transformation is supposed to take 
place with the increasing temperature, when the 
dried original sample of the hydrargillite has been 
subjected to a calcination in the presence of 
samarium. 

2) On the Samarium-bearing Alumina pre- 
pared from Hydrargillite by Calcination of its 
thermally Decomposed Products, to which 
Samarium was added.—The hydrargillite purified 
as already mentioned was previously treated at 
certain temperatures between 150 and _ 1200°C. 
The heating duration was one hour for the tem- 
perature range between 150 and 850°C, and fifteen 
minutes for that between 900 and 1200°C, unless 
otherwise stated. Samarium was added to each of 
these thermally treated samples, which was after- 
ward ignited over a blast flame of coalgas-air for 
one hour to ensure the expellation of volatile con- 
stituents. Such constituents, if present, would 
hinderthe appearance of luminescence under the 
excitation by cathode rays. Cathodo-luminescence 
spectra given by these samples of samarium- 
bearing alumina are summarised schematically in 
Fig. 1 and reproduced in Fig. 2, in order to facilitate 
mutual comparisons. 

It is seen from Figs. 1 and 2 that previous heat 
treatments of the hydrargillite bring about ex- 
tremely marked effects on the cathodo-luminescence 
spectrum of samarium. Bands of the prototype 
II can be seen accompanied by bands of the proto- 
type I in the case of the samples previously heated 
at certain temperatures between 150 and 230°C 
(Fig. 1, a). This luminescence spectrum is iden- 
tical with that given by the hydrargillite treated 
as follows; the purified original hydrargillite was 
soaked with the solution of samarium nitrate and 
ignited over a blast flame of a mixture of coal gas 
and air. Luminescence bands belonging to the 
prototype II are, on the whole, reduced in inten- 
sity with a result of the complete lack of some 
bands, for example a band at 574 mz, and a broad 
diffuse band of the prototype I with its peak at 
600 mz is also much weakened, when a previous 
heat treatment has been made at 250°C for one 
hour (Fig. 1, b). It is worth mentioning that an 
intense band at 597 mp characteristic of the proto- 
type III. becomes now extremely intense. A new 
band is observed at 644 my, very near a band at 
648 mp, and there also begin to appear two bands 
at 561 and 562.5 mz in place of a diffuse band at 
563 mys. 

When the duration of heat treatment at 250°C 
has been increased from one to five hour, the 
cathodo-luminescence spectrum changes markedly 
(Fig. 1, c): Bands situating at 561, 562.5, 612 and 
644 mz becomes much more distinct, several new 
bands are perceptible at 566, 568, 601.5 and 615.5 
my, and the intensity maximum of a band lying 
between two bands at 618 and 624myz seems to 
be slightly shifted, namely from 621 to 620 mz. 


[Vol. 29, No. 1 


As to a set of three bands around a spectral 
region of 610 my, a sudden reversal is brought 
about in the order of intensity, when the duration 
of heating at 250°C has been lengthened (Fig. 1, c); 
the weakest band at 612 my grows now considerably 
intense, and a feeble band at 610 my is detectable 
instead of a band at 609mz, namely the most 
intense band among the above three given by the 
sample, which was previously treated at a lower 
temperature. The feature of the luminescence 
spectrum thus obtained seeems characteristic of 
intermediate products of the thermal decomposi- 
tion of the hydrargillite. This luminescence 
spectrum was already designated as the prototype 
III by one cf the present authors” and was dis- 
tinguished from the well-defined prototypes I and 
II. The luminescence prototype III is always seen 
with the samples of the hydrargillite, which have 
been subjected to a previous heat treatment at 
any temperature above 250 and below 900°C (Fig. 
1, c)} The structure of the alumina giving rise 
to this particular cathodo-luminescence spectrum, 
when once formed, is extremely persistent in the 
case of an intense heat treatment and remains 
unaltered after being heated at a temperature 
as high as 1200°C for fifteen minutes. However, 
when this samarium-bearing sample of alumina 
has been roasted intensely in a direct flame of 
coal gas mixed with oxygen, it gives distinctly 
the cathodo-luminescence spectrum of the proto- 
type II owing to the corundum structure of the 
alumina, but a band situated at 597 my, namely 
the strongest and the most characteristic band of 
the prototype III, still remains intense in this 
spectrum. 

Some changes occur in the cathodo-luminescence 
spectrum, if the sample of the hydrargillite has 
been submitted to an initial heat treatment ex- 
ceeding 950°C. These changes might be ascribed 
to the fact that the temperature of the initial 
heat treatment has been higher than that of the 
final heating over a blast flame of coal gas mixed 
with air. Through heat treatments at 950 and 
1000°C for fifteen minutes (Fig. 1, d), four bands 
at 605.5, 608, 610 and 612 mz become almost equal 
in intensity, and this is also the case with two 
bands situated at 561 and 563 mz. 

In the case of a sample previously heated at 
1050°C (Fig. 1, e), two bands at 566 and 568mz 
disappear, three bands at 618, 621 and 624m z 
may be arranged in a sequence of intensity just 
like in the cathodo-luminescence spectrum of the 
prototype II, and the same relation holds with 
the three bands at 607-8, 609 and 612m yz. All 
the bands lying in a spectral region between 560 
and 597 my become fairly weakened. 

No remarkable differences are found in lumines- 
cence spectra given by the samples, which have 
been previously heated at 1050 and 1100°C respec- 
tively, except that two bands at 561 and 562.5 mz 
appear jointly in the luminescence spectrum of 
the latter sample (Fig. 1, f). 

A band situated at 597 my is greatly reduced 
in its intensity and overlaps with a diffuse band 
at 600 my in the case of a sample heated previously 
at 1150°C (Fig. 1, g). A band at 594my begins 
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to appear distinctly and another band at 618m z 
becomes now the most intense one in this lumines- 
cence spectrum. Thus the luminescence spectrum 
is transformed entirely to the prototype II. 

Finally, the circumstances are quite the same 
in a sample previously roasted at 1200°C (Fig. 1, h) 
as in that at 1150°C. 

An alumina is completely transformed to a- 
modification through an intense initial heating at 
temperatures higher than 1150°C prior to the addi- 
tion of samarium. This may be comfirmed by 
the fact that a luminescence spectrum of samarium 
imbedded in the above-mentioned alumina is the 
pure prototype II. 


Discussion 


First of all, the chief views hitherto set 
forth are briefly surveyed on thermal trans- 
formations from the hydrated to the an- 
hydrous alumina. The view has, until quite 
recently, been accepted that the hydrargillite 
is thermally decomposed through a singular 
sequence of consecutive transformations. The 
hydrargillite dehydrates, on being heated, to 
boehmite, which passes on further calcina- 
tion to stable a-alumina through numbers of 
intermediate modifications termed collectively 
as f-alumina®. This 7-alumina was separated 
into two or more phases as the results of 
close examinations on X-ray diffraction pat- 
terns; two phases were differentiated by 
Tertian™, Thibon”, and Prettre®, three phases 
by Rooksby®, Thibon®, and Funaki™, and 
four phases by Frary'?, and Stumpf!”. 

The thermal transformation of the hy- 
drargillite to the a@-alumina proceeds, accord- 
ing to Stumpf’s studies'® on Debye diffraction 
patterns, through the following singular con- 
secutive sequence. 

Hydrargillite>boehmite—X-alumina—?7-alu- 
mina—«-alumina—@-alumina—>a-alumina (X-, 
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T-, x«-, and @-alumina were formerly termed 
as Y-alumina). 

However, Day and Hill® have recently sug- 
gested that the boehmite is produced from 
the hydrargillite by means of a secondary 
reaction; the hydrargillite is at first decom- 
posed directly into a virtually anhydrous 
alumina and water vapour during its thermal 
decomposition, and afterwards there results 
the boehmite by a subsequent reaction be- 
tween these two primary products. 

When a fluid phase is absent, transforma- 
tions from the much hydrated to the an- 
hydrous alumina are supposed to take place, 
during the heat treatment, locally in inner 
structures of the hydrated crystals with a 
limited opportunity for an atomic rearrange- 
ment. Definite transformation temperatures 
can consequently be assigned with difficulty, 
and the temperatures at the start and at the 
finish of the transformations extend usually 
over somewhat wide ranges, depending on 
the grain-size of the hydrated crystals and 
the manner of the heat treatment. Mixtures 
of products may thus result from the thermal 
dehydration and the thermal transformation 
of the hydrargillite, joining one product with 
the other in this transition sequence. Roosby” 
stated that «-modification of alumina pos- 
tulated by Stumpf and others'™ was really a 
mixture of «- and @-modifications, and Day and 
others'® also explained that X-modification 
was in fact composed of 7- and X-modifica- 
tions. 

Contrary to the above-mentioned view of 
singular transformation series, Brown” as- 
sumed for the first time a dual transforma- 
tion opinion concerning the thermal decom- 
position of the hydrargillite as represented 
by the following detailed scheme: 


800°C 
300°C _> X-alumina — > «-alumina 1000°C 
Hydrargillite ~a-alumina 
200°C), 7 1000°C 
boehmite —» 7-alumina ——> 6-alumina ——> @-alumina 
500°C 800°C 900°C 


5 F. Haber, Naturwissenschaften, 13, 1007 (1925); 
J.D. Edwards, F.C. Frary and Z. Jeffries, ‘‘ Aluminum 
Industry, Aluminum and Its Production’’, New York, 
McGraw-Hill (1930), p. 166; R. Fricke und G.F. Huttig, 
‘**Handbuch der allgemeinen Chemie IX, Hydroxide und 
Oxyhydrate’’, Akademische Verlag, Leipzig, (1937); 
W. A. Lalande, W.S.W. McCarter and J. B. Sanborn, 
Ind. Eng. Chem., 36, 99 (1944); G. Feachem and H.T.S. 
Swallow, J. Chem. Soc., 1948, 267; R.J. Taylor, J. Soc. 
Chem. Ind., 68, 23 (1949); H. Remy, ‘‘Lehrbuch der 
Anorganischen Chemie’’, Bd. I, Akademische Verlag, 
Leipzig (1952), S. 308, 309; S.J. Gregg and K.S.W. 
Sing, J. Phys. Chem., 56, 388 (1952). 

6) R. Tertian, Compt. rend., 230, 1677 (1950). 

7) H. Thibon, J. Charrier et R. Tertian, Bull. soc. 
chim. France, (5), 18, 385 (1951). 


8) F. Blanchin, B. Imelik et M. Prettre, Compt. rend. 
236, 1025 (1953); M. Prettre, B. Imelik, L. Blanchin 
und M. Petitjean, Angew. Chem., 65, 549 (1953). 

9) H.D. Rooksby, ‘‘ X-ray Identification and Crystal 
Structures of Clay Minerals’”’ 
(1951), p. 244. 

10) K. Funaki and Y. Shimizu, J. Chem. Soc. Japan 
(Ind. Chem. Section), 56, 53 (1953). 

11) F.C. Frary, Ind. Eng. Chem., 38, 129 (1946). 

12) H.C. Stumpf, A.S. Russell, J.W. Newsome and 
C.M. Tucker, Ind Eng. Chem., 42, 1398 (1950). 

13) H.C. Stumpf, A.S. Russell, J.W. Newsome and 
C.M. Tucker, ibid, 1401, Fig. 5 (a). 

14) M.K.B. Day and V.J. Hill, J. Phys. Chem., 57, 
949 (1953). 

15) G. Ervin, Acta Cryst., 5, 106 (1952). 
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The thermal dehydration and transforma- 
tion of the hydrargillite occur through two 
series of routes before the a@-alumina is pro- 
duced, the one initially through the boehmite 
and then anhydrous aluminas, and the other 
directly through other anhydrous aluminas. 
His opinion is based mainly on the following 
significant facts. Firstly, the studies on X-ray 
diffraction patterns indicated that the disap- 
pearance of the hydrargillite agreed with the 
formation of the X-alumina, and the amount 
of this X-alumina remained unchanged for a 
while in the course of heating. Secondly, a 
differential thermal analysis gave a curve pos- 
sessing three peaks; the first peak was due to 
the change from the hydrargillite to the boeh- 
mite, the second from the hydrargillite to the 
X-alumina, and the third from the boehmite to 
Y-alumina respectively. Thirdly, the water 
content-ignition temperature curve for the 
hydrargillite showed an arrest in a range of 
temperature between 300 and 400°C, corres- 
ponding to the approximate composition of 
alumina-hemihydrate. The products in these 
states of decomposition consisted consequently 
of the monohydrated boehmite and the vir- 
tually anhydrous X-alumina mixing in almost 
equal amounts. 

There are some doubtful points as to whe- 
ther or not each of these intermediate modi- 
fications of the alumina itself is really pre- 
sumable to be a single phase’. According 
to Jellinek'®, the thermal transformation of 
the aulmina derived from calcination of the 
hydrargillite is a gradual process. This con- 
ception was expressed by Ervin'? as a con- 
tinuous transition from the disordered to 


_,X-alumina —> «-alumina__ 


Hydrargillite 


ae 
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Fig. 3. Dehydration-isobar curve of hydrar- 


gillite. 


composition corresponding to this arrest was, 
however, Al,O;-0.5H,O according to Brown'» 
and Milligan’, and Al,O,-0.35H.O according 
to Weiser and Milligan®. The above-men- 
tioned observation that there is no inflection 
showing the existence of monohydrated alu- 
mina in the water content-calcination tem- 
perature curve of the hydrargillite, was also 
confirmed by Day?. Bentley and Feachem”” 
observed, on the other hand, that the an- 
hydrous alumina is rehydrated to the boehmite 
in the presence of steam. The boehmite, as 
is well known, is obtained when the hydrargil- 
lite has been dehydrated in a closed system. 


All these facts might elucidate the fact that 


some parts of the X-alumina primarily yielded 
through a direct dehydration of the hydrargil- 
lite, are surely converted into the boehmite 
by reaction with the adsorbed water, which 
has been released from the hydrargillite dur- 
ing the heat treatment. Thus the practical 
calcination of the hydrargillite proceeds as 
indicated in the accompanying diagram*®. 


~ e 
qa-alumina 


a 


boehmite ——> 7-alumina ——> 6-alumina —— @-alumina 


ordered structure of alumina, and_ by 
Brown” as that from poorly crystallised to 
well crystallised alumina through a slow dif- 
fusion of aluminium ions into the lattice of 
oxygen ions. 

The present authors have taken each 1g. 
of the sample of the hydrargillite and heated 
it for five hours at certain definite tempera- 
tures respectively. The dehydration isobar 
thus obtained is illustrated in Fig. 3. This 
dehydration-isobar curve goes smoothly until 
a distinct arrest is observed at the composi- 
tion of approximately AIl,0O;-0.7H.O. The 

16) M.H. Jellinek and I. Frankuchen, Ind. Eng. Chem., 


37, 163 (1945). 
17) G. Ervin, ibid, 108. 


The primarily yielded X-alumina gives rise, 
on subsequent calcination at higher tempe- 
ratures, to mixtures of two series of an- 
hydrous aluminas, namely X—«x—@ as- 
sociated with the original dehydration product, 
the X-alumina, and r>6—0-—a associated 
with the boehmite component, this component 
being derived from a secondary reaction be- 
tween the X-alumina and its adsorbed water. 


18) J.F. Brown, D. Clark and W.W. Elliott, ibid, 87. 

19) L.H. Milligan, J. Phys. Chem., 26, 247 (1929). 

20) H.B. Weiser and W.O. Milligan, ibid., 36, 3010 
(1932); 38, 1175 (1934). 

21) M.K.B. Day and V.J. Hill, 
947 (1953). 

22) F.J.L. Bentley and C.G.P. Feachem, J. Soc. Chem. 
Ind., 46, 148 (1945). 


J. Phys. Chem., 57, 
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It was also observed by the present authors, 
as shown in Fig. 4, that the powders of the 
hydrargillite is, in the course of slow heating, 
efiluent twice over two different ranges of 
temperatures; namely, viclent dehydration 
occurs apparently at two steps. This obser- 
vation is likely to support the view of Day 
rather than that of Brown. 


300 
200+ 


100+ 


Seijiro NISHIYAMA [Vol. 29, No. I 
hedral and tetrahedral interstices, since this 
line is caused by the reflection from the (400 
planes passing through all the oxygen posi- 
tions and the octahedral aluminium positions, 
but not the tetrahedral aluminium positions’. 
If its intensity is weak, the aluminium ions 
in the alumina under consideration would 
take seats in the tetrahedral interstices in 
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Fig. 4. 
of hydrargillite-powders. 


The reason why the thermal decomposition 
of the hydrargillite proceeds through two 
different routes is indeed not easily accounted 
for, but some structural interpretations are 
given here. The X-alumina is initially yielded 
from the thermal decomposition of the hy- 
drargillite, and the 7-alumina is then derived 
from the boehmite, which has been produced 
by a subsequent reaction between the above- 
mentioned X-alumina and its adsorbed water. 
Both of these aluminas might probably be 
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Effluent phenomena observed in the course of slow heating 


preference to the octahedral interstices of 
the cubic close-packed oxygen network. The 
X- and «-aluminas in the transformation series 
associating with the original dehydration 
product of the hydrargillite have the weak 
(400) line, while the 7-, 6- and @-aluminas in 
the transformation series associating with 
the boehmite have the intense (400) line, as 
can be seen from the results of X-ray investi- 
gations by Stumpf, Thibon, Brown and Day 
listed in Table I. It is concluded from the 


TABLE I 
RELATIVE INTENSITY OF REFLECTIONS FROM (400) PLANES 


ntermediate phase ‘ 
Int I I II III I\ 
of alumina 
‘ 9 2 ° 
4 ww(2.00 A) w(1.99 A) mw(2.11 A) 
6 ° - ° ~ = . 
Kk mw(2.00 A) w(2.055 A) mw(2.06 A) mw(2.06 4) 
° = ° ° 
T s(2.00 A) s(1.985 A) msb(1.98 A) s(1. 982 A) 
» @ > = 
é ms(2.005 A) s(1.985 A) s(1.99 4) s(1.985 4) 
‘ ° ‘ ° . , ° . 
7] ms(2.03 A) s(2.01 A) ms(2.02 A) s(2.016 4) 
J H.C. Stumpf, A.S. Russell, J.W. Newsome, and C.M. Tucker, md. Eng. Chem., 42, 1402 (1960). 
II H. Thibon, }. Charrier, et R. Tertian, Bull. soc. chim. France, 18, 387 (1951). 
lil J.F. Brown, D. Clark, and W.W. Elliott, J. Chem. Soc., 1953, 86. 
IV M.K.B. Day and V.J. Hill, J. Phys Chem., 57, 948 (1953). 
Code: s strong w weak 
ms medium strong ww very weak 
mw medium weak b broad 


assumed to possess structures very near to a 
spinel type”. A line situated at about 2.0A 
in the X-ray powder diffraction pattern is in- 
dexed as the (400) line for the spinel unit cell, 
and its intensity is supposed to be affected by 
the relative distribution of aluminium ions 
between two kinds of interstices of a cubic 
close-packed oxygen network; namely octa- 
23) R. Brill, Z. Krist., 83, 323 (1932); H.B. Barlett, 
J. Am. Ceram. Soc., 15, 361 (1932); G.H. Hagg und 
G. Soderholm, Z. phys. Chem., [B), 29, 88 (1935); 


E.J.W. Verwey, J. Chem. Phys., 3, 592 (1935); G. 
Ervin, Acta Cryst., 5, 106 (1952). 


foregoing considerations that the occurrence 
of the two distinct series in the course of the 
thermal transformation of the hydrargillite 
might be ascribed to the possibility of alumi- 
nium ions in choosing one of the two different 
ways to enter into the interstices of the 
oxygen network of cubic close-packing. 

The remarkable prototype III for the 
cathodo-luminescence spectrum of samarium 
ions is obtained, when these ions are imbedded 
in an alumina, which is presumably consti- 
tuted of the aluminium ions occupying the 
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tetrahedral interstices of cubic close-packed 
oxygen network. 

The packing effect of the introduced sama- 
rium ions in stabilising this special configura- 
tion of alumina is considered to resemble that 
of sodium or others in the formation of the #- 
and ¢-aluminas*”, but the samarium ions in 
the former case serve at the same time as 
an activator for causing the cathodo-lumines- 
cence. The fixation, of this alumina-configu- 
ration, caused by the packing of samarium 
ions is so firm that the most intense band 
characteristic of the luminescence prototype 
III, namely a band situated at 597 my persists 
to be intense in the cathodo-luminescence 
spectrum, mixing with bands of the prototype 
II, although afterwards the sample has been 
roasted at a high temperature in a direct 
flame of coal gas-oxygen. This fact indicates 
that the tight fixation of the above-mentioned 
structure remains tenaciously in some local 
parts after an extremely intense heat treat- 
ment, which brings about a fundamental 
structural change of alumina into the corun 
dum configuration. 

It is finally shown that this cathodo-lumines- 
cence spectrum of samarium may be utilised for 
conjecturing how an activated alumina for the 
chromatographic use could be prepared. The 
well-known sample of E. Merck’s aluminium 
oxide, which was standardised for a chromato- 
graphic adsorption analysis according to 
Brockmann, is directly soaked with the solu- 
tion of samarium nitrate and then ignited 
over a blast flame of the mixture of coal gas 
and air. It gives a samarium-luminescence 
spectrum of the pure prototype III under the 
excitation by the cathode-ray bombardment. 
This prototype of the samarium-luminescence 
spectrum can scarcely ever be obtained in 
its pure form, except the alumina derived 
from the hydrargillite of Bayer process. A 
conclusion might, therefore, be drawn that 
this activated alumina would possibly have 
been prepared by heating the purified alu- 
mina-trihydrate of Bayer process at moder- 
ately high temperatures. 


Summary 


Results of investigations are summarised 
as follows on the cathodo-luminescence spec- 


24 A.F. Wells, ‘‘Structural Inorganic Chemistry ”’ 
Clarendon Press, Oxford (1945), p. 335; H.B. Barlett, 
J. Am. Ceram. Soc., 15, 361 (1932); E.J.W. Verwey, 
Z. Krist., 91, 66 (1935). 


tra of samarium ions imbedded in various 
samples of aluminas, which were thermally 
derived from hydrargillite. 

The transformation from 7- to a@-modifica- 
tion of alumina takes place according as the 
temperature for heat treatment of the hy- 
drargillite is elevated, at whose dried state 
the samarium ions have been impregnated. 

After the hydrargillite was subjected to a 
previous heat treatment at the temperature 
range between 250 and 900°C, impregnated 
with the samarium ions and then calcined 
over a blast flame of coal gas mixed with 
air, it gives a characteristic cathodo-lumi- 
nescence spectrum, which was designated by 
one of the present authors as the prototype 
III. The configuration of the alumina giving 
rise to luminescence bands of this prototype 
under the excitation by the cathode-rays is 
when once formed, stable and persistent for 
heat treatments of much elevated tempera- 
tures. 

The activated alumina standardised after 
Brockmann can give, after being impregnated 
with the samarium ions, the particular catho- 
do-luminescence spectrum of the prototype 
III owing to the above-said ions. The appea- 
rance of this luminescence spectrum in its 
pure form is of use for choosing a material 
as well as for finding an activation method 
in the preparation of the alumina suitable 
for the chromatographic purpose. 

The dual transformation conception postu- 
lated recently by Day on the thermal decom- 
position of the hydrargillite was elucidated 
from a structural point of view. The lumi- 
nescence prototype III of samarium ions 
seems to be due to the special configuration 
of alumina, such as X- and «-modifications, 
in which the aluminium ions occupy preferably 
the tetrahedral rather than the octahedral 
interstices of oxygen network ofcubic close- 
packing. 
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Introduction 


It appears to be a conclusion reached from 
a number of recent investigations on the 
non-Newtonian viscosities of high polymer 
solutions''» that the viscosity of a dilute 
solution may persistently increase with de- 
creasing rates of shear in a linear or an 
exponential fashion. This dependence is, 
however, in marked disagreement with the 
theory according to which the viscosity of a 
dilute high polymer solution should be given 
by an even function of shear rate qg as fol- 
lows!?)'? : 

(7]e=[9]o(1 —ag?+bq*—cqg*+...... ), (1) 
where [7], is the viscosity number 
at a shear rate q, []) is the one at g=0, 
and a, b, c, etc. are constants which depend 
on certain molecular parameters. According 
to Eq. (1), the reduction of the viscosity 


limiting 


* Presented at the 8th Annual Meeting of the Chemical 
Society of Japan held in Tokyo, April, 1955. 
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should be a function of g?, and the tangent 
of [7], vs. gq curve must be zero at q=0. 

Unfortunately, it is rather difficult to de- 
termine from the data of these investigations 
whether the viscosities have as a function 
of q a finite slope or a horizontal tangent 
at q=0, since either the lower limits of the 
shear rates dealt with are very high or the 
experimental uncertainties are very large in 
the region of low rates of shear, and experi- 
mental verification of the theory has called 
much attention". 

Recently, E. Wada™ has extended the meas- 
urements of the viscosities of polymethyl- 
methacrylate solutions in chloroform over a 
wide range of shear rates down to the very 
small shear rates and has shown that the 
change in [%], of these solutions with q fits 
quite well to the theoretical equation (1). 

The chief purpose of the present study is 
to check the above-mentioned theoretical 
prediction by measuring the non-Newtonian 
viscosity of dilute polymer solutions over a 
wide range of shear rates. The lowest limit 
of shear rate dealt with in this study is 
about 30 sec“! and the highest is 2000-3000 
sec'. In the succeeding paragraphs, the 
method and apparatus used for the experi- 
ments are briefly described and the results 
of the preliminary measurements on dilute 
solutions of polystyrene in toluene are pre- 
sented. 


Experimental 


Method.—<According to the fundamental equa- 
tion for laminar flow in a capillary, the maximum 
shear rate at the wall of the capillary is given by 
the following expression?!’, provided that the so- 
called kinetic energy contribution and the end 
effect are ignored: 

q=41Q/zR*t x (1—1/4t xd(Pt)/dP), (2) 
and the corresponding relative viscosity number 
yr of a solution is given by 

yr=t/to x (1—1/4t x d(Pt)/dP)—, 


19 A. Peterlin, J. Polymer Sci., 8, 621 (1952). 

20 E. Wada, J. Sci. Res. Inmst., 47, 149, 159, 168 
1953). 

21) T. Hotta, Reports of Laboratory of High Poly 
mer Research, Nagoya University, No. 3, 22 (1951). 
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where R is the radius of the capillary, P is the 
driving pressure and ¢ and fp are the efflux times 
for a given volume, Q, of the solution and the 
solvent, respectively. Using these equations, 7, 
can be calculated as a function of q if a Pt vs. 
P relation for the solution is derived experiment- 
ally. 

For a Newtonian flow in a capillary, as the well- 
known Hagen-Poiseuille’s law, i.e., Pt=—constant, 
holds, the second term in the bracket of Eq. (2) 
vanishes and the first term can be rewritten as 
follows: 

q=PR/2L7, (4) 
where LZ is the length of capillary, 7 is the vis- 
cosity coefficient of the liquid. From this equa- 
tion it may be seen that, in order to obtain a 
small value of q, it is necessary to make one or 
more of P, R small and or to make LZ large for 
a given liquid. Difficulty arises in making R 
small, since a decrease in R may give erroneous 
efflux times due to partial plugging of the capil- 
lary by either dust or small gel particles, and 
also large values of LZ would not be desirable 
because of difficulty in obtaining a capillary of a 
uniform radius. It is inevitable, therefore, to 
make P small; and a high precision of pressure 
must be secured in order to obtain reliable results 
in a range of low shear rates. 

In order that Eqs. (2) and (3) can be applied, 
it is essential that there is no change in pressure 
during the course of an experiment?), When the 
usual viscometer such as the Ostwald-type, whose 
hydrostatic head of the liquid column changes 
during a run, is used, these equations can be 
applied only when the exteranal pressure is suf- 
ficiently high as compared with the change in 
pressure head**. 

In the present investigation, a horizontal vis- 
cometer was employed in order to minimize the 
pressure variation during the course of an experi- 
ment. To compensate the hydrostatic head caused 
by a small deviation of the viscometer from a 
horizontal plane, the direction of flow was alter- 
nated at a given external pressure. 

Let P’ be the pressure corresponding to the 
effective hydrostatic head*** of the horizontal 
viscometer during a run, and P the external 
pressure. It may be assumed that the efflux 
times of each direction ty and t_ correspond to 
the total pressure of P+P’ and P—P’, respecti- 
vely. Then, for a Newtonian flow, the efflux 
time t at the pressure P is given by: 

t =2tyt_/(t4 +t_)=<(t4+t_)/2 (5) 

For a non-Newtonian flow, this relation, of course, 
does not hold. But fortunately, the dilute solu- 
tions of polystyrene in toluene, at least, can be 
regarded as the Newtonian liquids in a region of 


** Fujita and Homma!®) have described an ingenious 
device by means of which the change of pressure head 
can be compensated and thus they have enabled the 
measurement at low rates of shear by means of the 
usual Ostwald viscometer. One drawback is that one 
who uses this device needs to have great patience in 
experimental manipulation. 

**#* This effective hydrostatic head reduces to the time 
average of the head during a run when the flow is 
Newtonian. 
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low pressures, as will be shown in the later part 
of this report, and so the above relation can be 
used without reservation. With increasing pres- 
sure, non-Newtonian behavior appears; but at 
the same time, the difference between ft, and t_ 
decreases rapidly (t_—ts)/t=2P’/P), and Eq. (5) 
can be employed as a good approximation. 
Apparatus.—A sketch of the manostat system 
is shown in Fig. 1. Water from the main flows 


to a suction 
for drainag 


E 


to a manometer —) 





—= toan air-com 








Schematic diagram of the manostat 


Fig. 1. 
system. 


over the rim of the tube A. The side outlet of 
this tube is connected through a _ thick-walled 
rubber tube to the tube B which is inserted in 
the large bottle C through the hole of the lower 
part of the bottle. As air in C is constantly 
escaping through the narrow opening D; water 
from A flows over continuously at the upper end 
of B, whereby the pressure in C is kept constant 
at the magnitude of pressure corresponding to a 
difference in heights of the two overflowing sur- 
faces, which can be adjusted by the vertical posi- 
tion of A. 

This apparatus is similar to that described by 
G. de Wind and J. J. Hermans”; but in their 
apparatus, because of the lack of an air outlet, 
an increasing pressure will not be brought under 
any control only leading to a lowering of the 
water surface in the tube B. When the water 
surface is once lowered below the end of B, pres- 
sure in the bottle is substantially not kept under 
control. In other words, it is essential that water 
from A is always overflowing at the upper end 
of B in order to secure a constant pressure-regu- 
lation****, At first sight, such a marked increase 
of pressure with a simultaneous lowering of water 
surface may be inconceivable; but before the air 
outlet D was provided to the present manostat, a 
gradual increase, of pressure which followed a 
lowering of wate surface in B was often observed. 
This might be due to a slow recovery of the 
temperature in C which had previously been 
cooled by water flowing into C from A during 
the setting of the pressure. 

The pressure is read on the manometer con- 
nected to E. Water is used as manometer liquid 


**** When the pressure is sufficiently high, this in- 
decrease in 








crease in pressure may be overcome by the 
pressure resulting from the travelling of the liquid in 


the viscometer. 
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for lower pressures (up to about 10cm. in water) 
and mercury for higher pressures. 

By means of this manostat, the driving pres- 
sure can be maintained constant throughout the 
course of measurement within +0.005 cm. in water 
and this accuracy is comparable in magnitude to 
those of manometer reading. 

Owing to the leakage of air in C, it is found 
unnecessary to regulate the temperature of the 
bath in which C is immersed. 

The horizontal viscometer is shown in Fig. 2. 





Fig. 2. The horizontal viscometer. 


Uniformity of the capillary bore was checked by 
means of a thread of mercury, and the mean 
radius of the bore was determined by weighing 
the mercury and was found to be 0.01449cm. Its 
length was about 30cm. The volumes between 
the marks on the side arm of the viscometer 
(0-1, 0-2, etc. in Fig. 2) were determined by 
weighing the water between these marks before 
the viscometer was constructed. The volume 
between the mark 0 and 6 was about 1.1 cc. 

The viscometer is mounted on a brass frame, 
which in turn, is fixed in a thermostatted water 
bath F. The bath is fitted with legs G whose 
lengths can be varied by screw mechanism. The 
inclination of the viscometer can be adjusted by 
varying the lengths of these legs, watching the 
level placed on the viscometer frame. The tem- 
perature in the bath F is controlled to 25+0.004°C. 
The direction of flow is altered by a specially 
designed three-way stop-cock H. 

To check the reliability of the apparatus in the 
region of low pressures, the efflux times of ben- 
zene and water were measured in a range of 
0.7-15 g./cm? of P. At each pressure, measure- 
ment was repeated 3-5 times for each direction 
of flow, and the pressure was read as often as 
possible during the period of each measurement. 
For example, at P=0.715+0.004 g./em?, ft, and t_ 
were 137642 and 1409+3 sec., respectively, for 
flow volume of 0.0900cc. (corresponds to the 
volume between the mark 0 and 1 in Fig. 2) of 
benzene. The lowest shear rate measured was 
about 30 sec! for both liquids. The results are 
shown in Table I, together with the length of the 
capillary calculated from these results using the 
relation, 7=zR*(Pt)/8LQ (P being converted to 
the unit dyn./cm?), where t is the efflux time for 
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TABLE I 
PRODUCT OF APPLIED PRESSURE AND EF- 
FLUX TEME FOR FLOW VOLUME OF 0.0900 cc. 
AND RELATED DATA FOR BENZENE AND H2O 


a Standard Maximum 7* 


te. jem® — deviation, (centi- Cale’d 

sec.) 10N, p gz Omax poise) 
Benzene 989 5 11 0.603, 30.3, 
H20 1460 7 13 0.8949 30. 2; 


K. Shiba “ Tables of Physical Constants ”, 
Iwanami Shoten (1944), p. 75. 


0.0900 cc. Conforming to the Newtonian behavior 
of these liquids, Pt of each liquid is almost inde- 
pendent of P within the experimental error. 
From these results it may be assumed that no 
appreciable systematic errors, such as are due to 
the surface tension effect, are introduced into 
values of P. 

Measurement on Polystyrene Solution in 
Toluene.—Styrene monomer was purified by 
washing several times successively with 2% aque- 
ous solution of potassium hydroxide, 3% aqueous 
solution of sodium bisulfite and water, by drying 
over calcium chloride, and by freezing twice, 
discarding each time some unfrozen liquid. After 
distillation under a reduced pressure of 30 mmHg 
with the flow of nitrogen gas, the monomer was 
placed in a thick-walled test tube and sealed after 
replacing air in the tube with nitrogen. The 
polymerization of the monomer was carried out 
by placing the tube in a dark temperature bath 
regulated at 60°C for thirty-two days. The con- 
tent was then dissolved in benzene and repreci- 
pitated in a large excess of methanol and the 
precipitate, after being washed with methanol, 
was dried under high vacuum at 60°C for ten 
hours. The average molecular weight M of the 
polymer was estimated at 32x10° from [y] in 
toluene measured at 30°C with an Ostwald vis- 
cometer by the equation”?, [y]=3.7010! 49-52, 

Commercial toluene was washed with sulfuric 
acid and with pure water, dried over phosphorous 
pentoxide and distilled. A fraction boiling at 
110.4-110.7°C was used as a solvent. 

Certain experiments were carried out, in order 
to determine if any dependence of viscosity on 
the heating temperature on preparing the solu- 
tions or on the period of room temperature- 
storage after preparing the solutions be detcted. 
The results showed that viscosity neither de- 
pends on the heating temperature within the 
range 30-100°C nor on the period of storage, at 
least in the case of concentration of the solutions 
lower than 2%. 

The solutions were filtered successively through 
sintered glass filter No. 2 and No. 3 immediately 
before measurement. In order to minimize the 
errors due to moisture and solvent evaporation, 
measurements of efflux times for each solution 
were carried out in a random manner with respect 
to pressures, and each set of measurements was 
repeated two or three times by recharging the 


22) A.I. Goldberg, W.P. Hohenstein and H. Mark, /. 
Polymer Sci., 2, 503 (1947). 
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viscometer, covering the same range of pressures 
by each set. At high pressures, in order to avoid 
too small values of t¢, measurements were taken 
for a large volume of flow: (0-2), (0-3), etc. in 
Fig. 2, and Pt’s corresponding to (0-2), (0-3), etc. 
were converted to those for (0-1) by the volume 
ratios. 

The 
effect 


contribution and the end 
estimated from the tangent of Pt vs. P 
for toluene (shown in Fig. 3) were found 
negligible even in the most unfavorable 
The drainage effect was assumed to be neg- 


kinetic energy 


curve 
to be 
case. 

ligible. 


24 x19? 
(€/cm? sec.) 


S e 
ae — i aed 


50 
P (g./cm?) 


Fig. 3. 
for solutions and solvent. 
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Results and Discussion 


Pt vs. P relations for solutions of several 
concentrations and for toluene are shown in 
Fig. 3. It is evident that each curve for 
solutions has a horizontal part in a region 
of low pressures, indicating that the shear 
dependences of these solutions vanish at a 
low pressure region. 

The evaluation of the differencial quotient, 
d(Pt)/d), was made graphically with a smo- 
othed curve drawn to give the best fit to 


c= 0.2201 


c= 0.1636 


toluene 


Product of applied pressure and efflux time vs. applied pressure 
c denotes polymer concentration in g. per 100 cc. 
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D) 1009 2000 3000 


q (sec™) 
Fig. 4. Specific viscosity number vs. 
shear rate q. 


\ 


=> 
i—) 
to 


ce (g./100 cc.) 


Fig. 5. ysp/¢ vs. ¢ curves at constant q 
for q=0. 600, 1000, 1600, 2000 sec re- 
spectively, successively from the top. 
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the experimental points in a magnified graph 
of the data in Fig. 3. From these values at 
several pressures and the data for the di- 
mensions of the viscometer, g and the cor- 
responding 9, were calculated according to 
Eqs. (2) and (3). The relations of the resulted 
specific viscosity number, 7s». vs. g are illus- 
trated in Fig. 4 (7s)=%-—1). The %s»/e vs. c 
plots at constant q for several values of q 
are shown in Fig. 5. These are almost linear 
within the range of concentrations studied, 
and fit the well-known Huggins’ equation?” 
well: 
Ns,p/c=[9] +k [nF c. (6) 
The [%], obtained by extrapolating the 
curve at constant g to c=0 and Huggins’ 
constant k’ are plotted in Fig. 6 as functions 
of gq. 





43 
4 
~ 4 
40 
0 1000 2000 
q(sec) 


Fig. 6. Influence of rate of shear on the 
limiting viscosity number, (@), and 
Huggins’ constant k’, ((). 


Although the values of [7], at higher rates 
of shear are less reliable in view of the 
rather large scattering of points at high 
values of g shown in Fig. 5, it is apparent 
from Fig. 6 that the influence of rate of 
shear on the limiting viscosity number of 
the solution may be described adequately by 
an even function of g conforming, qualitati- 
vely at least, with the theoretical equation 
(1). A precise comparison of these data with 
the theory which takes into account the 
numerical values of a, b, etc. in Eq. (1) was 
not made since / of this sample was esti- 
mated roughly. 

The k’ vs. g relation in Fig. 6 seems to 
show that the dependence of k’ on the mag- 
nitude of q is, if any, relatively small for 
the present case. This does not mean, how- 
ever, that the usual viscometry such as made 
with an Ostwald viscometer always gives k’ 
which is not very much different from k’ at 
q=0: because, in the Ostwald viscometer, 

23) M.L. Huggins, J. Am. Chem. Soc., 64, 2716 (1942). 


***** c-values were calculated by the relation tT=PR 
2L, P being converted to the unit dyn./cm?. 
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measurements are made at a constant shear- 
ing stvess rather than at a constant qg by 
keeping the average driving pressure cons- 
tant, the smaller the polymer concentration, 
the greater is the mean shear rate in the 
capillary as may be seen from the relation, 
<¢ (shearing stress)=7xq. Moreover, it is 
customary to evaluate the relative viscosity 


Ol 
c (g./loo cc.) 

Fig. 7. Apparent ysp/e v. e¢ curves at 
constant t for r=4.7 (1), 9.4 (2) and 14.1 
dyn./cm? (3); ysp/e vs. e€ curves at con- 
stant q for q=800 (@) and 1800 sec.~ 
* 
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number of a solution by the ratio ¢/f), which 
is merely the apparent 7, rather than the 
true 7, because of discarding the second term 
in the bracket of Eq. (3). Under these cir- 
cumstances, a very marked difference appears 
between %;,)/c vs. c relation at constant q 
and apparent %s»)/c vs. c relation given by 
the usual viscometry to the extent that the 
shear rate effect of solution is appreciable. 

The apparent %;,/c at constant t calculated 
from the present data are plotted in Fig. 7 
as functions of c for t=4.7, 9.4 and 14.1 
dyn./cm?*****, For comparison, true %sp/c 
vs. c plot at constant g for g=800 and 1800 
sec"' are inserted in the same figure. The 
k’ derived from these apparent %s)/c vs. c 
plots are also inserted in Fig. 7. It appears 
that apparent k’ at constant tT is strongly 
dependent on tT in contrast with the relatively 
small variation in true k’ with gq. 
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The Cyclic Oligomers of ¢-Caprolactam* 


By Osamu FUKUMOTO 


(Received July 2, 1955) 


Introduction 


The cyclic oligomers of e-caprolactam, 
extractable from polycapramide with boiling 
water or methanol are here studied. 

One of the cyclic dimers was found by 
K. Hoshino” from the sublimate which was 
obtained during the polymerisation of e- 


* This work was presented at the Symposium of Poly- 
mer Science at Nagoya, Nobember 11, 1954. 

** Research Department of Toyo Rayon Co., Ltd. 

1) K. Hoshino, This Bulletin, 19, 171 (1944). 


caprolactam. The brief notes of the cyclic 
oligomers were also described by German 
investigators”. 

In addition to the cyclic dimer which was 
found by K. Hoshino, there are also the 
dimeric isomer and the cyclic trimer in the 
extracts of polycapramide. Recently H. 
Hermans reported the isomers of the cyclic 
dimers of e-caprolactam independently*’. 


2 PB. 44806. 


3) H. Hermans, Rec. Trav. Chim. Pays-Bas, 72, 793 
(1953). 
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Experiments 


(1) Separation of Cyclic Oligomers 

The greater part of e-caprolactam is removed 
by vacuum distillation from the hot water extracts 
of polycapramide, then the residue is extracted 
with acetone to remove the still remaining 
monomer and other extractable impurities. The 
residue can be fractionated in three parts by the 
difference of the solubility of oligomers in water 
(co'd or hot). The following results are finally 
obtained. 


m. p. yield from the residue 
[1] 231~236°C 32.8 % 
[11] 343 ~345°C 30.4 % 
{III} 231.4~237. 2°C 30.1% 


The solubility in water increases in the series 
(<< {lllj. No carboxyl group is contained in 
them. 

(2) Identification of the Cyclic Dimer (a- 
Dimer) 

It is confirmed by the mixed examination of 
melting point that [II] is the cyclic dimer which 
was found by K. Hoshino. 

(3) Confirmation of the Isomer of Cyclic 
Dimer (5-Dimer) 

It is confirmed that [III] is the isomer of the 
cyclic dimer from the following results. 

Mol. Wt. (Rast’s method) Found: 225. Calcd. for 
(CgHi,;N;O;)2: 226. 

When [III] is hydrolysed in boiling concentrated 
hydrochloric acid and then dried up, the weight 
increase is 47.6 %. (Calculated for the conversion 
from [NH(CHz);CO]n to n[HCl.NH»(CH2);COOH]: 
18.2%). e-Benzoylaminocaproic acid is obtained 
from the hydrolysed [III] by the reaction with 
benzoyl chloride. 

Since [III] is different from [II] in regard to 
the water solubility and melting point, it seems 
that [III] is an isomer of the cyclic dimer which 
was found by K. Hoshino. 

(4) Confirmation of the Cyclic Trimer 

It is confirmed that [I] is the cyclic trimer of 
e-caprolactam from the following results. 

Mol. Wt. (Rast’s Method) Found: 339. Calculated 
for (CgHi;N;0;);: 339. 

Anal. Found: C, 63.45; H, 10.15; N, 12.59; 
O, 13.81. Calcd. for (CgH;,;N:0;)3: C, 63.65: H, 
oi: HM; 12.36: © 14.15. 

This can be hydrolysed quantitatively in 
ing concentrated hydrochloric acid to e-amino- 
caproic acid, which is identified by conversion to 
the benzoyl derivative (m.p. 76.5~78.0°C). Its 
melting point agrees with that of e-benzoylamino- 
caproic acid (78~80°C). 


boil- 


Discussion 


K. Hoshino gave the following constitutional 
formula [IV] (cyclic dimer of ¢-caprolactam) 
for the sublimate which was obtained during 
the polymerisation of e-caprolactam. 


4) M. Tsuboi, This Bulletin, 22, 255 (1949). 
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NH—(CHz2);—CO 
| [IV] 

CO—(CH.);,—NH 
3,6-Dioxopiperazine [V] which has a com- 
paratively high melting point (311°C), has a 
similar constitutional formula and consider- 
able high sublimation pressure. 


CH, 
NH CO 
CoO NH 


CH, 


The structure of [V] is cis form for adjacent 
O H 


C and N of each amide® and also 


O 


its two C are symmetrical to the plane 
which is perpendicular to the line between 
two carbonyl C atoms and contains the median 
of its line. Studying the cyclic dimers with 
the molecular structural model, there must 
be at least two geometrical isomers. The 
one is composed of the special arrangement 
of carbon atoms by which the intramolecular 
free rotation is hindered, such as by double 
bond. (Fig. 1). 


Fig. 1. «-Dimer. 


It {has probably the same structure as 3, 6- 
dioxopiperazine, which has two methylene 
groups instead of two pentamethylene groups. 
It seems that the crystal structure of [III] 
is also the same as that of 3, 6-dioxopipera- 
zine, which has been already known. 
Rearranging these carbon atoms of penta- 
methylene groups, another structural model 
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can be obtained which is able to rotate freely, 
for instance, as Fig. 2. 

Conversion between these two configura- 
tions which are derived from the study of 
the molecular structural model, will require 
a considerable amount of energy and really 
the mixture of [II] and [III] cannot be 
obtained by the fusion of [II]. 

Since the melting point of cyclic hexamethy- 
lene adipamide [VI] is similar to that of the 
f-dimer of e-caprolactam, and besides the 
isomer of [VI] has not been found, the a- 
dimer of ¢-caprolactam which has an unusually 
high melting point should be composed of the 
special arrangement of atoms. 

OC—(CH,),—CO 

| (VI) 

HN—(CH,);—NH 
E. Fischer reported that 3, 6-dioxo-2, 5-diethyl- 
piperazine [VII] had two isomers”. But 
unlike the cyclic dimer of e-caprolactam 
these isomers may exist because of the 
asymmetric carbon atoms at 2 and 5 position. 
3, 6-Dioxo-2, 2,5, 5-tetraethylpiperazine [VIII] 
which was found by Freytag® is the con- 
stitutional isomer of caprolactam dimer and 
it melts at 346~346.5°C and dissolves 0. 11g. 
in 100cc. of water at 26°C. These physical 
properties of [VIII] are exactly similar to 
those of the a@-dimer of e-caprolactam. 


C.H, H C,H, C.H; 
CO—C CO—C 

HN NH NH NH 
C—CO c CO 

H C,H, CAH, C.H; 
[VII] [VIII] 


In the case of [VIII], owing to the tension 
of the dioxopiperazine ring, hydrogen bonds 


C H 


formed by C and N should be inter- 
molecular. Then the hydrogen bonds of the 
a-dimer may be also intermolecular. e-Cap- 
rolactam trimer has a 2l1-membered ring and 
considering the idea of closely packed atom 
groups in molecular lattices and its lower 
melting point, the structure of the trimer 
may be a type such as its three hydrogen 
bonds are all intramolecular. Regarding a 
benzene ring as one atom, the cyclic trimer 
of polyethylene terephthalate which has 
recently been discovered (m. p. 325~327°C)” 
has also a 21-membered ring, and in this 
5 E. Fischer, Ber., 39, 3985 (1906). 


6) Freytag, Ber., 48, 651 (1915). 
7 Sidney D. Ross, J. Polymer Sci., 13, 406 (1954). 
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case, Owing to the steric hindrance of benzene 
rings, the probability of the cyclic dimer 
formation may be less than that of the 
trimer formation. 

W. H. Stockmayer gave the following 
formula’? for the configulation of the cyclic 
polymer, which is obtained during the poly- 
merisation of w-hydroxyundecanoic acid type 
monomer. 


The number of n mer rigs. 
The volume of the system. 
The number of chain atoms per mole- 
cular unit. 
b: The effective link length. 
x: The fraction of reacted end-groups in 
the chain fraction. 
For the case of oligomers the following 
expression is derived. 


NDP 


R,: Re: Rs=2: 2 


where V, 7 are constant. 
For x=0. 99, the weight ratios of the cyclic 
oligomers are as follows. 
R,: 2Rs: 3R3=1: 0.35: 0.19 


Since the weight ratios of the oligomers 
actually measured are 1: (.17: 0.08, the 
calculated value agrees with that observed 
for the ratio of the dimer (a-type+ -type) 
to the trimer. Then Stockmayer’s equation 
which is reasonable when ring molecules are 
long enough (15 skeltal atoms and up) so 
that short-range steric effects are not domi- 
nant, is applicable in this case. The hot 
water or methanol extracts from polycapr- 
amide having an average polymerisation 
degree of about 100~150, mostly consist of 
the cyclic monomer and oligomers. There 
are very few linear oligomers in such high 
polymers. 


Conclusion 


From the extracts of polycapramide, two 
kinds of cyclic dimers and one trimer are 
obtained. One of the dimers which was 
found by K. Hoshino may be the diketopipera- 
zine type. The ratio of the dimer to the 
trimer which is experimentally observed, 
agrees with the calculated value by Stock- 
mayer’s equation. 


The author wishes to thank Dr. K. Hoshino 
and Dr. H. Kobayashi who directed his studies 
and permitted this publication. 


Nylon Laboratory, Toyo Rayon 
Co. Ltd., Nagoya 


8) W.H.Stockmayer, J. Chem. Phys., 18, 1600 (1950). 








172 Kazumoto IMAHORI 


[Vol. 29, No. 1 


The Structure of Surface-denatured Protein. VII. The Activity and 
the Shape of the Surface-denatured Pepsin Molecule 


By Kazutomo IMAHORI 


(Received July 14, 1955) 


The author was able to show that the 
serum albumin molecule which expanded on 
the extremely acid solution had an elongated 
shape, but the albumin molecule which ex- 
panded on the solution of its isoelectric point 
was rather round”. This observation indi- 
cated that many of the bonds of the albumin 
molecule which expanded on the acid solution 
were destroyed and the molecule showed the 
elongated shape but on the solution at the 
pH of its isoelectric point many of the 
intramolecular secondary bonds were still 
retained and the molecule could not take the 
elongated shape. 

If this indication is correct, it would be 
possible to expect that the most part of the 
activity of the protein molecule will be lost 
when expanded on the extremely acid solu- 
tion, but some part of the activity of the 
molecule on the solution at the pH of its 
isoelectric point will be reserved. The follow- 
ing experiments were planned with this ex- 
pectaticn. The protein selected was pepsin. 


Experimentals 


(a) Sample.—The pepsin was purchased from 
The Armour Chem. Lab. of U.S. A. and it was 
the two times recrystallized enzyme of the salt 
free state. The serum albumin was purified by 
Dr. S. Nakamura and was the same sample as 
the author had used in the previous experiments. 

(b) Solution and Apparatus.—Three acetate 
buffered solutions of pH=2,3 and 5 were used as 
the underlying solutions. A Wilhelmy balance 
registered the film pressure. 

(c) Size and Shape Determination.—The 
methods and techniques used for the determina- 
tion of the size and shape of pepsin molecules on 
the solutions of various pH were quite the same 
as those used in the previous paper. 

(d) Activity Determination.—The activity of 
the surface denatured pepsin molecule was deter- 
mined by the following three methods. 

(1) One of them used the time needed for the 
clotting of a standard skim milk solution into 
which the pepsin had been introduced. The milk 
solution containing 16.7% of dry produced skim 
milk in 0.1M acetate buffer adjusted to pH 5 was 
used. The pepsin unit can ordinarily be defined 
as the amount which causes the clotting of 6cc. 
of this solution at 37°, or it can be expressed by 
the equation 


1) K. Imahori, This Bulletin, 27, 146 (1954). 


U=V,6t, 
where V is the volume of the used milk solution 
in cc., and ¢t is the clotting time in minutes. V 
and ¢t were measured by the following method. 
Pepsin was at first spread on the surface of solu- 
tions of various pH. The spread film was trans- 
fered onto a stainless-steel plate covered with a 
double layer of barium stearate, using the method 
of Blodgett. Then the thickness of the film was 
measured by an ellipsometer”. This plate was 
immersed for two minutes in 6cc. of standard 
milk solution, during which time the milk was 
agitated continuously by gently shaking and 
rotating the tube. The plate was then removed 
and the time needed for the clotting was measured. 

(2) Hemoglobin Method. This method is quite 
analogous to that of Northrop». Four cc, of 2.5 
per cent pure hemoglobin solution was added 
with pipette to a test tube and then lcc. of 0.3 
N hydrochloric acid was added from a pipette. 
The final pH was 1.6. Thus the substrate solution 
was obtained. The built up film which was obtained 
by the method similar to that of (1), was put in 
5 cc. of the substrate solution and the solution was 
mixed by whirling the plate. After ten minutes 
10 cc. of 0.3.N trichloracetic acid was added, the 
tube was shaken vigorously, and the suspension 
was filtered. 

To 5cc. of the digestion filtrate were added 
10 cc. of 0.5N sodium hydroxide and 3cc. of 
phenol reagent of Folin. The color was read 
against the standard after two to ten minutes. 
The number of activity unit corresponding to the 
colour value of the digestion products in 5cc. of 
digestion filtrate was read from the curve shown 
in Northrop’s book». 

(3) Mixed Film Method. A given volume of 
0.05 per cent pepsin solution was mixed well 
with the equal volume of 0.05 per cent serum 
albumin solution. A part of the mixed solution 
was put promptly on the surface of the solutions 
of various hydrogen ion concentrations. The 
mixed film of pepsin and serum albumin was 
obtained. If the film was kept under a constant 
surface area, the surface film pressure would 
increase gradually, as pepsin splits an albumin 
molecule into smaller ones. The more active 
the pepsin is, the more intensely would the 
surface pressure increase, and so if we plot the 
surface pressure against the time, the slope of 
the curve would indicate the activity of the pepsin. 
The relative activity of the pepsin could be 
obtained by this method. 


2) Y. Yoneyama and K. Imahori, Sci. Pap. College 
Gen. Educ. Univ. Tokyo, 3, 145 (1953). 

3) J.H. Northrop ‘‘Crystalline Enzyme’’, Columbia 
Univ. Press (1948), p. 303. 
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Results and Discussion 


The molecular weight of pepsin which was 
expanded on the solution of pH=1, 3 and 5 
was determined by the method of Bull and 
Guastalla®. The molecular weight thus 
obtained was 35,000 in all cases. 

The limiting area per molecule and the 
shape of each molecule on pH=1, 2 and 3 
are listed in the Table I. 


TABLE I 
pH Am fifo a/b a b 
1.0 5250 42 a ee ~— 
2.0 6100 42 1.5 15 3424 238 
3.0 5370 42 12 5.5 2054 374 
5.0 — . 





In the table, Am is the limiting area of 
one molecule in A’, f/f» the frictional ratio, 
a/b the axial ratio and a and Bb are the 
length of the longer and the shorter axes 
respectively. The data of pH=1 are lacking 
as the film on the substrate of pH=1 is 
hydrolyzed easily and the diffusion constant 
cannot be determined. The film on the 
substrate of pH=5 is not spread well and 
its data are also lacking. The result indicates 
that the pepsin molecule on pH=2 is more 
perfectly expanded and has a more elongated 
shape than that on pH=3. 

The activities of pepsin expanded on pH=2 
and 3 and measured by the earlier two 
methods are listed as Table II. 


TABLE II 
Activity 
pH Displacement Hemoglobin 
method method 
Native 9, 000 0. 27 
2.0 3, 900 0.15 
3.0 7,900 0. 24 


F 


Cyn ory 


a ee 
20min 180mn 


nin 
Fig. 1. 


4) H.B. Bull, ‘‘Adv. in Protein Chem.” Vol. III, 
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Table II shows that the pepsin film which 
has been built up from the solution of pH=3 
is far more active than the film from pH=2. 
The result of the mixed film method, which 
is shown in Fig. 1 is quite in accordance 
with the above results. But as is obvious 
from the previous report of this series, the 
serum albumin on the substrate of pH 3 can 
be denatured more completely than that on 
the substrate of pH 5, so that the former 
will be digested more easily by pepsin than 
the latter. This would make also the mixed 
film on the substrate of pH 3 to have higher 
surface pressure than that on pH 5. Accord- 
ingly it cannot be concluded that the pepsin 
on the substrate of pH 3 is more active than 
that on pH 5. On the other hand, the albumin 
film on the substrate of pH 2 is denatured 
most perfectly and will be digested most 
easily and this fact verifies the fact that 
pepsin on the substrate of pH 3 is more 
active than that on pH 2. The curve U. V. 
in Fig. 1 which means that the mixed film 
is irradiated with the ultraviolet light from 
a mercury lamp shows that pepsin is com- 
pletely inactivated by the ultraviolet light. 
The above results show that the pepsin 
expanded on the solution of pH 2, which is 
more completely surface-denatured and has 
a more elongated shape has lost the larger 
part of its activity, while the pepsin expanded 


on the solution of its isoelectric point retains 


its activity to some extent. This result is 
in accord with the author’s expectation. Yet, 
this activity disappears when the pepsin 
molecule is irradiated with the ultraviolet 
light. At any rate, it is quite interesting 
that pepsin monolayer retains its activity 
even on the solution of pH 2. 


Summary 


(1) The molecular weight, the size and 
the shape of the pepsin molecule on the 
substrates of pH 2 and 3 were determined. 
The molecule on the substrate of pH 3 (its 
isoelectric point) was of rather a round shape, 
but the molecule on pH 2 had a far more 
elongated shape. 

(2) The enzymatic activity of the surface- 
denatured pepsin molecule on the solutions 
of various pHs was determined. The round- 
shaped molecule on the substrate of pH 3 
was the most active, but the elongated 
molecule on pH 2 retained less activity. 


The author owes much to Prof. Bun-ichi 
Tamamushi for his encouragement through- 
out this study. This work is supported by 
the Scientific Research Grant from the 
Ministry of Education. 


Chemical Institute, College of General 
Education, The University 
of Tokyo, 
Tokyo 
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I. Electrical Conductivity of Zinc Oxide 


in Oxygen and Hydrogen 


By Hiroshi Ucuipa and Yoshisada OGINO 


(Received December 15, 1954) 


Introduction 


Since the electrical conductivity of a sin- 
tered material is determined mainly by the 
specific boundary material existing between 
the grains, it is greatly affected by gases 
chemisorbed on the boundary surface. There- 
fore, the mechanism of adsorption of gases 
and consequently the nature of catalytic 
activity can be discussed from the results of 
measurement of the conductivity, so far as 
the measurement is undertaken on a working 
catalyst at a working temperature. 

Zinc oxide is a typical m-tvpe semiconductor 
and has been widely investigated by many 
workers! Most of the investigations, ex- 
cept a few, have been conducted on highly 
sintered zinc oxides at high temperatures. 
Though these few investigations were indeed 
of considerable merit, they seemed, from the 
view point of electrical conductivity, to be 
not sufficient for a perfect understanding of 
ZnO-Cr.0,; catalyst, ie. a catalyst for the 
synthesis of methanol, etc. 

The measurement of conductivity in con- 
junction with chemisorption of oxygen and 
hydrogen has been conducted here, as a sup- 
plement to the investigations described above, 
at temperatures below 500°C on zinc oxide 
sintered at 600°C. Some of the present re- 
sults are rather different from those reported 
previously and some of them are unknown. 
These results may be interpreted in terms 
of the interstitial zinc atom pair or the zinc 
molecule suggested by P. H. Miller. 


Experimental Procedure 


At varying temperatures from 45° to 500C° the 
conductivity of a zinc oxide pressed into a bar was 
measured in vacuo, and subsequently, in an atmos- 
phere of oxygen as well as hydrogen in a range 
of pressure from 10 to 107-'mmHg. The con- 
ductivity measurement was supplemented by 
the direct measurement on a separate specimen 
of the identical! bar of both the rate of adsorption 
and equilibrium amount of adsorbed oxygen and 
hydrogen in another apparatus. 

A commercial zinc oxide (chem. pure) was pressed 
into a bar of 8X8mm. square and 81mm. in 

1) P.H. Miller, Phys. Rev., 60, 890 (1941). 


2) H. Fritsche, Z. Phys., 133, 422 (1952). 
3) E. Scharowsky, ibid., 135, 318 (1953). 


length, then sintered at 600°C for two hours and 
allowed to cool in air. Part of the bar was sub- 
jected to theelectrical measurement by direct 
current, and the rest was crushed into granules 
of 1-2 mm. diameter for the measurement of ad- 
sorption of oxygen and hydrogen. 

The general technique of conductivity measure- 
ment was similar to that used by R. H. Grifith 
et al). The specimen was placed between Pt 
electrodes, the upper one of which was weighted 
with a perforated iron cylinder. The measurement 
was made in vacuo and at a constant pressure of 
oxygen as well as hydrogen, by using a Wheat- 
stone bridge. With capillary leaks connected to 
a gas reservoir it was possible to expose the 
specimen for prolonged periods to oxygen as 
well as hydrogen of well difined and reproducible 
pressures ranging from 10~* to 107! mmHg. 

The adsorption measurement was conducted in 
an apparatus similar to that used by R. T. D. 
Frankenburg». The amount of adsorbed oxygen 
or hydrogen was evaluated from the pressure 
decrease in an adsorption chamber of a constant 
volume. The pressure was measured by means of 
a Pirani gauge. 


Experimental Results 


Electrical Conductivity for Evacuated 
Oxide.—-The oxide sintered at 600°C in air 
was a poor conductor, unless it was de-oxy- 
genated. The conductivity was, however, 
gradually increased by prolonged heating of 
the oxide in vacuo (10° mmHg) at 500°C, and 
then came to attain a steady value. 

The temperature-dependence of resistivity 
at the steady state in a temperature range 
from 100° to 500°C was given by the usual 
equation, 

R=A-exp (¢/kT) (1) 
where RFR is resistivity, A, a constant, k, 
Boltzmann’s constant, 7, absolute tempera- 
ture, and e, activation energy of conductivity. 
The Arrhenius line for the above equation 
gave an apparent activation energy of about 
0.025eV. (Fig. 1). The value was nearly 
equal to that obtained by P. H. Miller” 
(0.02 eV.)| at temperatures below room tempe- 
rature. The constant A was evaluated to 
be agpcekimately 2.24 x 107. 
_ 4) R.H.’ Grifith, P.R. Chapman et al., Disc. Faraday 

Soc., 8, 258 (1950). 


5) R.T.D. Frankenburg, J. Am. Chem. Soc., 66, 1827 
(1944). 
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Electrical Conductivity in Oxygen Atmos- 
phere.—Fig. 2 and 3 show the adsorption 
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kinetics as the rate of change in resistivity 
of the oxide under a series of oxygen pres- 
sures at 300°C. The resistivity increased 
with time at an earlier stage of the adsorp- 
tion, according to the relation 


R—Ro=k': fo, -t? (2), 


k’~2.5<10° (ohm/min. mmHg) 


Ry) (ohms) 


> 
L 


& 
86 


where Rp is the resistivity for the evacuated 
oxide, and then the increase was solwed 
down being represented by another relation, 
as 
Js - —_ R=k”- po,-t+Const. (3), 
k”~1.5x10° (ohm/min. mmHg) 





—> logiot (min.), (for hydrogen) With prolonged period of further adsorption, 


“ig. * hong sagen re gp perverse and it tended to increase always more slowly 
time, at the earlier stage of adsorption. until an equilibrium was established between 
resistivity and oxygen pressure. The rela- 
tionship of the resistivity in equilibrium with 
the oxygen pressure (Fig. 4) was given by 
Eq. (4) 








Rx 107! (ohms) 


—» logy R (ohms) 


—» Time (min.) 


Fig. 3a. Relation between resistivity at 
300°C and time, at various pressures; 
A, por=5.8X102% mmHg, OO, po=2.8 —> 1og.0 Pog (mmHg) 
x102mmHg, X, poo=2.0x10- mmHg, Fig. 4. Ralation between resistivity of 
O. poe=9.3xl0%mmHg, o, po2z=3.6 zinc oxide and oxygen pressure at 
x 10-3 mmHg. various temperatures. 
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R=a-ph, n=2/3 (4) 
This differs somewhat from that of R=a’- 


glee (5), which was usual at the higher 


05 
temperature. 

A rapid elevation of temperature, after an 
equilibrium between resistivity and oxygen 
pressure had been established at a certain 
temperature, produced an instantaneous fall 
of resistivity followed by a slower rise towards 
a new equilibrium value corresponding to a 
higher temperature (Fig. 5). The equilibrium 
value of the resistivity is exemplified in Fig. 6 





_— 





> wy 
, Ss 8 
4 
Ss 
a 


BS S = & 
_— 


> 


ny 
a 


Temperature (°C) (dotted line) 


43 





—> Rx10~' (ohms) (full line) 








| / ’ P 
| J \ 
a too” 7200 
a. ss —s — —— a ww _ 500°C 
2 40 «460 80 0 120 M0 160 180 200 20 
—-> time (min) 
Fig. 5. Change of resistivity with rises 


of temperature, at an oxygen pressure 
of 6.9x10-? mmHg. 
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sistivity of zinc oxide at oxygen pressure 
of about 6.9x10-*mmHg (-©-), and 
isobar of oxygen adsorption at the pres- 
sure of 3.0x10-2 mmHg (-A-). 


as a function of temperature at an isobaric 
oxygen pressure of 6.9x10-*mmHg. In this 
figure, a minimum as well as a maximum of 
resistivity is observed at about 220° and 300°C 
respectively with ascending temperature, 
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while resistivity increases rather monotonously 
with descending temperature from 500°C. 
Adsorption of Oxygen.—The evacuated 
oxide could adsorb oxygen at a measureable 
rate at temperatures above 200°C. The equili- 
brium amount of the adsorbed oxygen at a 
range of temperature from 220° to 440°C was 
plotted against oxygen pressures in Fig. 7 


—> logwqe X10" (mol./g.). 





2 id 


— > logio por (mmHg) 
Fig. 7. Adsorption isotherms of oxygen 
on zinc oxide at various temperatures. 


The adsorption isotherm comprised two 
straight lines, the one being expressed by 
Eq. (6) and the other by Eq. (7) 


Yq = Diy n=1.0~1.2 (6) 


Geg=b- pi, n=0.5 (7) 


in a respective range of small and large 
adsorbed amount g.,. The differential heats 
of the adsorption are evaluated by means 
of the Clausius-Clapeyron’s equation to give 
a nearly constant value of 1.1 kcal./mol. at 
PDeq=1.2~4.0 x 10-7 mol./g. and 24 kcal./mol. at 
Qeq=1.0~2.6 x 10 mol./g. for Eq. (6) and Eq. 
(7) respectively. 

The rate of decrease of the pressure is 
represented by Eq. (8) 
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logio po,(t)/{po,(t)— po,(eq)} = k’”-t+Const. (8) 
at the earlier stage and becomes gradually 
more slow with the increasing amounts, as 
illustrated in Fig. 8. The activation energy 
of the adsorption at the earlier stage was 
found to be 3.6 kcal./mol. 

Electrical Conductivity in Hydrogen At- 
mosphere.—An initial steady state of con- 
ductivity was required for a series of repeated 
measurements in hydrogen atmosphere. On 
the exposure of the evacuated oxide to hy- 
drogen, the conductivity increased more or 
less rapidly at temperatures above 200°C (Fig. 
9a), but recovered very slowly in prolonged 


R— Ry (ohms) 





o 24 6 8 0 R - 


Time (min.) 
Fig. 9a. Relation between resistivity and 
time at a ahydrogen pressure of 9.3 x 1074 
mmHg, at various temperatures. 
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Fig. 9b. Rate constant of the change of 
resistivity as a function of hydrogen 
pressure at 150°C. 
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duration of evaquation at 500°C. This might 
probably be due to the slow evaporation of 
zinc metal* which was confirmed by the deposit 
on the cold wall of the vessel. In this re- 
spect, a steady state could be readily esta- 
blished by the oxidation of a specimen, which 
had been employed in hydrogen atmosphere, 
in oxygen at 500°C followed by a subsequent 
evacuation at the same temperature. 

The decrease of conductivity accompanied 
by the adsorption of hydrogen took place on 
zinc oxide at temperatures below 200°C (Fig. 
9a, 10); the matter being just the converse 
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Fig. 10. Increase and decrease of resis- 
tivity (full line) accompanied by hydrogen 
adsorption (dotted line, indicating the 
amount adsorbed in 10 minutes) at various 
temperatures. 


of the above**. The adsorption at lower 
temperatures was recognizable only when 
the specimen had been subjected to evacua- 
tion at 500°C, but scarcely so when the speci- 
men had been oxygenated. The resistivity at 
a constant time interval after the beginning 
of adsorption being plotted against the tem- 
perature (Fig. 10, full line), a maximum 
appears at about 80-90°C above which it 
decreases monotonously with increasing tem- 
peratures, while the adsorbed amounts of 
hydrogen show a maximum at 80-90°C as 
well as a minimum at about 110°C (Fig. 10, 
dotted line). In contrast to two maxima ex- 
pected in the adsorption*** of oxygen, no 
other maximum has been found in the R-T 
curve for the hydrogen adsorption. Whether 
another maximum would be present or not 
below 45°C could not be confirmed. The 
conductivity nearly paralleled the adsorbed 
amount of hydrogen at 45-110°C. 


* The appearance of zinc metal had already been 
reported by L. Yang (J. Amer. Electrochem. Soc., 97, 
910 (1950). 

** Y. Kubokawa and O. Toyama (Bull. Naniwa Unir., 
2, 103 (1954)) have recently observed the decrease at 
45°C, but the increases at temperatures higher than 80°C. 
Their results are somewhat different from the ours. 

** In the R-T curve of oxygen adsorption at an 
atomos- pheric pressure, two maxima were found at 150° 
and 350°C respectively. 
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The adsorption on hydrogen on oxide at 
temperatures below 200°C is similar in rate 
to the oxygen adsorption. The rate of in- 
crease of resistivity could be again repre- 
sented by Eq. (2) at the earlier stage and by 
Eq. (3) at the subsequent stage respectively 
(Figs. 2 and 9). 


Discussion 


Zine Atom Pair and its Ionized State. 
The straight line relation between log R and 
1/T as well as the small activation energy 
of the conductivity (0.02eV.), which for the 
case below room temperature had already 
been reported by P. H. Miller, was also found 
in the intermediate range between 100° and 
500°C. The value of the activation energy 
which was considerably lesser than that (0.5 
eV.) obtainable normally above 500°C, was 
attributed by P. H. Miller to the presence of 
interstitial zinc atom pairs, while the greater 
value was generally believed to be due to 
interstitial zinc atoms. 

With respect to ionization of the interstitial 
zinc atoms, Zn** was estimated by C. Wagner 
et al® and K. Hauffe et al’? and Znt by 
F. Seitz and E. Scharowsky”’. E. Scharow- 
sky conducted his experiments at tempera- 
tures nearly the same as that of the present 
experiments, and suggested the presence of 
Zn* from his experimental results. It seems 
to be reasonable to assume that Zn*, con- 
sequently, Zn*-Zn* or Zn*-Zn in conjunction 
with the atom pairs, may confer the conduc- 
tivity at temperatures below 500°C. 

Equilibrium of Conductivity and Rate of 
Conductivity Change in Oxygen.--The ob- 
served isotherms of oxygen adsorption given 
by Eqs. (6) and (7) are suggestive of a mole- 
cular adsorption and an adsorption with dis- 
sociation occurring at a small and a large Gv 
respectively. According to T. lijima'”, the 
rate equation given by Eq. (8) can be derived 
from the postulate of a molecular adsorption. 
However, even the adsorption at the earlier 
stage has been shown to be always associated 
with change of the conductivity, and any 
adsorption with dissociation may therefore 
take place consecutively at a stage where 
the molecular adsorption may be predominant. 
In this respect, an interpretation of the re- 
sults will be given in terms of the zinc atom 
pair under the following assumptions. 

6) H.H. von Baumbach and C. Wagner, Z. Phys. 

Chem., 22, 199 (1933). 

7) H.J. Engell and K. Hauffe. Z. Elektrochem., 56, 

366 (1952). 

8) F. Seitz, ‘‘Modern Theory of Solids”, p. 466 

(1940). 

9) E. Scharowsky, Z. Phys., 135, 318 (1953). 


10) T. lijima, Riken Iho (Bull. Phys. Chem. Res. Inst., 
Tokyo), 17, 286 (1937) (in Japanese). 
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1. A molecular adsorption takes place 
between oxygen in gas phase and SQ’ site on 
the oxide surface according to expression 
1), 

S’+O, —— S’0, (1 


S’ may be any one of the sites, Zn, Zn-Zn, 
cation Znt*, and anion O-~ of the surface 
of the stoichiometric crystal. 


2. An activated complex S’O; is produced 


by a reaction of quasi-free electrons on the 
surface with S’O., and the reaction rate 
determines the rate. of the conductivity 
change. 


S’0.+2e == S’03 2 


3. S’O reacts with other site S” to produce 
3"O- and S$’ 


S'O3+2S” == 28”0-+S’ 3) 


Interaction between the oxygen molecule and 
the electron may take place in either of the 
following, O.+2e = 20- or O,+e = O-+0. 
In this respect, the latter proves, however, 
inadequate for teh interpretation of the 
results. S” may be any one of the sites, Zn 
Zn, and Zn*-Zn*. Oxygen is adsorbed on 
either of the sites in two different manners, 
say, on Znt-Zn* 

O O 


Za*-Zn* (a), 


oO 


a ia" -ia* 


20-+-2(Zn*-Zn*) [— 2AZn*-Zn*) (b 
Among the above, (a) proves inadequate for 
the interpretation of the results. 

(A) Rate at the Later Stage of Adsoption. 
The rate of adsorption is given by Eq. (4), 
the equilibrium being established in (1) 
2kT 3 fx 

h fos f 


exp(—e,/kT) 4 


Vaas =[S’Oz]eq-[e] 


where f is a partition function with respect 
to the subscripts. As the rate of the disap- 
pearance of the electron is equal to tiwice 
the above rate, one obtaines 


a : 
dt. =k, [S’Os]eq [e] 2); 
k, g kT | J -exp(—e,/RT). 


hh fsoof? 

From (1), in equilibrium, [S’Osleq=K;:- po: 
[S’]eq, is obtained, where A, is the equilibrium 
constant at a constant temperature. The 
substitution of this relation in Eq. (5) gives 
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— tel = by-K,-15'lea: pos leF 6). 


Integrating Eq. (6), one obtaines 

[e]-'=A-fo,-t+const., A=k,-K,-[S'Jeq (7) 
When combined with the relation [e]=B« 
=-BR-', where « is electrical conductivity, B, 
a constant, Eq. (7) results in Eq. (8) 

R=A-B-P,,-t+ const. 8) 
which agrees well with the experimental 
equation (2) in the preceding chapter. 

B) Rate at the Earlier Stage of Absorption. 
At the sarlier stage of the adsorption before 
the equilibrium in (1) is established, the rate 
of disappearance of S’O, according to Eq. (2) 
_ d[S’Ox}ca) \ 

dt } 
rate of appearance of S’O, according to (1) 
d[S’Oz]c1) 

dt p 
rate is given by the following equation (9) 
and (10). 

d[S’O,]. 1) 
dt 


{S’]o, concentration of S’ on the surface of 
the evacuated oxide. 


_ AS'Oske) __ fi 


‘denoted by depends upon the 


denoted by The respective 


-= ky- bow {{S"]o—[S’Oo]cry} (9) 


dt =—Z-{IS’02}c1»—[S’Oz],}-leP (10) 
Combining ~~as] _—2 S15 Paka». with Eq. 


10) and rearranging, one obtaines 


(,  [S’Os]- | 


—Alel_ = p,-[$'0s}ay-{1 [S’O2]cy) 


di ‘fef? (11) 


At the earlier stage there may be [S’Oz]cy <1, 
[S’Ozka» 


and therefore 


__dfe]_ 
dt 
By integrating Eq. (9) and substituting the 
integrated equation (13) in Eq. (12), Eq. (14) 
is obtained. 


[S’O2]c1) =[S’Jo-{1—exp (— he- Do, -t} (13) 


lel _ = f-[S'lo-{1—exp (—ke" foy't)}-LeF 
t (14) 
The second term in the bracket can be 
simplified by neglecting the terms including 
higher powers of ¢ in the expanded series 
of exp(—kepo.-t) and Eq. (15) results 


d[e] | 
dt 


Integration of Eq. (15) gives Eq. (16) 


=k,-[S’Ozka>-[e? (12) 


-=k,-[S’]Jo:(—Re- Poo: t)-[e]? (15) 
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fe]-'—[e]y' =A, - ke: [S]o- fo,°f? (16) 


where [e]) is concentration of quasi-free elect- 
rons on the evacuated oxide. Eq. (16) may 
be expressed in terms of resistivity as follows. 
R—R )=B-hk,-ke:[S'o- pr: f? (17) 
Eq. (17) is consistent with the experimental 
equation (2) at the earlier stage of the ad- 
sorption*. 
(C) Equilibrium Conductivity in Varying 
Pressures of Oxygen. The rate of desorption 
is expressed by Eq. (18) according to (2). 


_{S’O-P-1S'] kT fe Fei 


Vaes <i - — 
[S"P h fsivo-' fs! 
exp (—e./kT) (18) 
. poke ; a Ge 
By taking into account the relation, — 
2Vaes, Eq. (18) may be rearrnaged to Eq. (19) 
dfe] iiticn [S”O-}?-[S’] (19) 


dt (S’”?? 


paokT Se fdh 
h fS10-" fs! 

When the adsorption equilibrium is reached, 

the net rate of adsorption becomes zero, 

which results in Eq. (20) 

IS"lZlelZ,_ ky 

[S”O-}2 k,- Ky 


eq 
On the other hand, [e]leq is given by [e]eq= 


-exp (—e2/kT) 


Po. '=D> po. (20) 


[elo—fel].. where [e] is concentration of 


eq 
quasi-free electrons occupied by oxygen atoms 
at equilibrium. By combining Eq. (20) with 
the following relation, Eq. (21) can be obtained 
[Sleq=[S” ]o—[S”Oleq=[S”]o—[] eq 
=[S”Jo—[elo+[eleq 
{{S"Jo—[e]o+fe lea}? Le] Z,/{Lelo—[elea}? 
=D- po, (21) 
When [S”]Jo/[elo<1, and [e]eq/[e]o<1, Eq. (21) 
reduces to Eq. (22). 
[e],=D> do. (22) 
ie. ke py’? or Re py? 
The relation is approximate to the experi- 
mental relation of R« p7/*, but does not attain 


to a complete agreement. 
Temperature-dependence of Conductivity 
in Oxygen Atmosphere.—The temperature- 


* Without simplification, Eq. (14) results in the fol- 
lowing equation. 

R—Ro=B-ki'[S’lot+Bkitke S’Jo*po,*exp —ke2* po,*t) 
The equation is rather inconvenient for comparison with 


the experiments. 
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dependence of conductivity at a constant 
pressure of oxygen (the shape of the isobar 
as well as the change caused by a rapid 
rise of temperature) is similar to that obtained 
by H.S. Taylor with the adsorption of hydro- 
gen on zinc oxide. H. S. Taylor'” explained 
his results in terms of the heterogeneity of 
active sites on the surface. A similar con- 
sideration being employed, two kinds of 
impurity centers associating with the conduc- 
tivity should be assumed. In this respect, 
the heat of adsorption would probably be 
different, irrespective of the nearly equal 
activation energy of adsorption, for the ad- 
sorption on either the Zn*-Zn* or the Zn*-Zn 
site suggested in the foregoing chapter, but 
no decisive explanation is available at this 
time. 

Adsorption of Hydrogen.—H. S. Taylor'” 
as well as E. Wicke'® has already found two 
maximum amounts of the adsorbed hydrogen, 
the one at a temperature below 100°C and 
the other at a temperature between 250- 300°C 
respectively. H. S. Taylor explained his 
results as was described, but gave no concept 
of the structure of the sites. E. Wicke 
attributed the adsorption predominant at 
temperatures below 100°C to the adsorption 
with dissociation on the oxide cation Znt* 
of the surface of stoichiometric crystal of 
zinc oxide, and the other at higher tempera- 
tures to the formation of surface hydroxides. 

In the light of the present results, the 
adsorption at the lower temperature may be 
estimated to take place predominantly on 
zinc atom pairs of the surface. The evidence 
is given by the facts that the adsorption at 
the lower temperature can take place on the 
evacuated oxide with relatively high con- 
ductivity, but not on the oxygenated one 
with negligibly small conductivity, and that 
the rate of the adsorption is closely relevant 
to the change of the conductivity. Zn** in 
the normal lattice of zinc oxide suggested 
by E. Wicke seems not to participate in the 
adsorption, as it can hardly confer the con- 
ductivity. The parallel relation observed be- 
tween the conductivity and the adsorbed 
amount in the range of temperature is also 
an evidence in favour of the above estimation. 

The expression for the rate of hydrogen 


11) HS. Taylor, ‘‘ Advances in Catalysis and Related 

Subjects ’’, Academic Press Inc., New York (1948), 1, 1. 
12) H.S. Taylor, J. Am. Chem. Soc., 49, 2468 (1927). 
13) E. Wicke, Z. Elektrochem., 53, 279 (1949). 
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adsorption at lower temperatures similar to 
that for the oxygen adsorption is suggestive 
of a molecular adsorption taking place pre- 
dominantly at the earlier stage of adsorption 
as well as the adsorption with dissociation 
at the subsequent stage. 

The hydroxyl formation between the ad- 
sorbed hydrogen and O-~ in the oxide above 
200°C as is suggested by E. Wicke may pro- 
bably be expected from the view point of 
the facts for the higher temperatures, that 
the conductivity increases markedly on the 
exposure of the oxide to hydrogen and that 
the specimen subjected to the hydrogen treat- 
ment evaporates zinc metal which may be 
produced as the result of loss of OH radical 
combined previously with zinc metal. 


Summary 


With the evacuated zinc oxide, there has 
been found, in an intermediate range of tem- 
peratures from 100° to 500°C, a linear relation 
between log R and 1/7, from which an acti- 
vation energy of 0.025 eV. has been evaluated. 

From the results of the measurement of 
adsorption a molecular adsorption and an 
adsorption with dissociation seemed to take 
place on the evacuated oxide at an earlier 
and a subsequent stage of oxygen adsorption 
respectively. The more detailed results from 
the conductivity measurements revealed that 
the adsorption with dissociation took place 
consecutively in the earlier stage in which 
the molecular adsorption was predominant. 

At temperatures below 200°C, the conduc- 
tivity decreases accompanied by hydrogen 
adsorption, while it increases at higher tem- 
peratures. The adsorption kinetics as the 
rate of change of the conductivity is given 
by expressions similar to those in the oxygen 
adsorption. 

The adsorption of oxygen as well as hydro- 
gen accompanied by the conductivity decrease 
may be explained in terms of two different 
kinds of sites, on which the molecular adsorp- 
tion and the adsorption with dissociation take 
place respectively. The interstitial zinc atom 
pair suggested by P. H. Miller being employed 
for the site of the latter adsorption, a quan- 
titative interpretation is available for the 
rate and the equilibrium of the adsorption 
associating with the conductivity. 


Government Chemical Industrial 
Research Institute, Tokyo 
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Study on Fused Iron Catalyst for Alcohol Synthesis from Water-gas. 
IV. Reaction Rate and Composition of Product in the Synthesis with 
Catalyst Promoted by Copper 


By Hiroshi Ucuipa, Michio Kuratsu1, Hideo ICHINOKAWA 
and Kiyoshi OGAWA 


(Received February 15, 1955) 


Introduction 


In a previous investigation” with a small 
convertor a catalyst containing copper as a 
promoter gave a high yield of oxygenates 
from water-gas. However, the rate equation 
of reaction for the case was not derived, as 
the quantitative measurements of the rate 
at widely varying flow rates of synthesis 
gas were difficult. 

The present investigation has been made 
to confirm the high yield of oxygenates with 
a synthesis under similar conditions of flow 
rate and temperature in a larger convertor 
of the same diameter and ten fold the pre- 
vious catalyst content, and also to determine 
the equation of rate by means of a differential 
reactor procedure. The procedure had already 
been employed by R. B. Anderson et al” as 
well as H. Tramm*® for the syntheses with 
a cobalt catalyst at normal pressure and an 
iron catalyst at high pressure respectively. 
According to their procedure the synthesis 
gas had been withdrawn from different heights 
of a catalyst bed during the synthesis to be 
analyzed for the reactants and products. 

From the results obtained here, it appears 
that the synthesis product (solid and oil) 
contains a large amount of oxygenates, though 
slightly less than the previously reported 
yield, attaining to half the total yield, and 
that the reaction rate is similarly expressed 
by equations of two types for the rate con- 
trolled by the desorption of the adsorbed 
product and by the reaction on the surface 
respectively. 

With respect to the lateral temperature 
gradient across the catalyst bed W. Broetz® 
made a brief description for the case of syn- 
thesis with an iron catalyst at high pressure. 
His differential equation of heat transfer has 
been analytically solved, with simplification 

1) H. Uchida, H. Ichinokawa et al., This Bulletin, 28, 

68 (1955). 

2) R.B. Anderson, A. Krieg et al., Ind. Eng. Chem., 

41, 2189 (1949). 

3) H. Tramm, Brennstoff Chem., 33, 21 (1952). 


4) W. Broetz and W. Rottig, Z. Elektrochem., 56, 896 
(1952). 


and by combining with one of the rate equa- 
tions obtained, to give the lateral temperature 
gradient of the catalyst bed. 


Experimental Procedure 


Apparatus.—The convertor was 16 mm. I. D. and 
30mm. O.D. by 3.5m. high and cooled by an ex- 
ternal oil (S.K. oil supplied by Yawata Iron 
Factory) circulation (refer to Fig. 1)*'!, and was 











Fig. 1. Flow diagramm of synthesis. 
A: Convertor B: Oil bath 
C: Flow meter 
D and E: Thermocouple well 
F: Hot-separator G: Cooler 
H: Cold-separator I: Gas meter 


J: Coolor 

K: Pump for oil 

L: Preheater 

M: Water-cooler and separator 


N: Sampling port 


packed with 620cc. (1.4kg.) of granules (1 to 2 
mm. diameter) of the catalyst which had been 
exhaustively reduced at 500°C by hydrogen under 
normal pressure in a separate vessel. The cat- 
alyst contained the following promoters such as 
3% AlzO3, 1% CaO, 1% MgO, 1% WO:z, 0.25% 


*. Since a pump capable of circulating hot oil was not 
available, the oil was cooled before entering the pump. 
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CuO, 0.5% KO in wt. % and gave ahigh yield 
of oxygenates in the small convertor as described 
previously. The catalyst bed was 3.1m. high, 
and from successive seven ports at various in- 
tervals along the bed (refer to Fig. 1) quantities 
of gases, each not exceeding 7 vol. % ‘of the 
entering gas, were alternatively led during the 
synthesis to a water-cooled separator, to be freed 
of oil and water. The gas from the exit of the 
convertor was also passed through a hot separator 
for removal of wax and then through a sequence 
of three cold separators for removal of oil. The 
gases, after the reduction of their pressure through 
respective reducing valves, were analysed for the 
reaction products, such as carbon dioxide, methane 
and gaseous olefin, as well as for the residual 
reactants, such as carbon monoxide and hydrogen. 
Their volumes were measured by gasmeters with- 
out removal of gasol and carbon dioxide. 

The temperature was measured by a thermo- 
couple placed in the catalyst bed near the entrance 
of convertor as well as by another inserted in 
the oil bath. 

Synthesis.—The synthesis was conducted under 
a pressure of 25 kg./cm?, at a flow rate of about 
280 1./hr. (S.V., 450) of synthesis gas containing 
hydrogen and carbon monoxide in a ratio of 1;1, 
and at temperatures maintaining the synthesis 
at a desired apparent contraction**. The steady 
state of synthesis was required for measurements 


-@ Hydrogen 


—-> Carbon monoxide 


-—O- Carbon dioxide 
—O- Gaseous paraffin 
—¥— Gaseous olefin 
-*- Water 


30 


and it was attained as follows: After an induc- 
tion of 50hr., during which the flow rate and the 
apparent contraction were kept considerably low 
(S.V., 250; the contraction less than 20%), the 
temperature was gradually raised until the con- 
traction was about 45% at S.V. of 450; thereafter 
an additional operation of 30hr. established the 
constant yield of solid plus liquid for a definite 
duration of synthesis. After the measurements 
at the contraction of about 45% (test No. 1) the 
temperature was adjusted to lower the contraction 
to about 35% (test No. 2) at the same S.V. for 
repeating series of measurements. 

Composition of the Product.—The oily pro- 
duct was distilled into fractions of a temperature 
difference of 20°C under the atmospheric pressure 
and then a reduced pressure of 5mmHg, until 
the final distillation temperature attained to 200°C 
and 190°C respectively. The fractions were then 
analyzed for alcohol, ester, cabonyl compound, 
olefin and paraffin**. The aqueous product was 
first subjected to the determination of acid con- 
tent, and then distilled into fractions for the 
determination of the content of alcohols (C,—C,). 
The products separated from the gases withdrawn 
through the ports were. however, too small in 
amount to be fractionated, and hence the average 
alcohol content in the aqueous products was 
estimated only as an equivalent of C»-alcohol. 





20 





as composition (vol %) (full line) 








Gz 








40 100 10 200 260 0 








Water (g./m* of purged gas) (dotted line) 


— 0 
0 100 150 200 260 320 


Distance from entrance of bed, cm. 


Fig. 2. Results of analyses for reactants and products in gases taken from bed 
and amounts of water obtained per m*. of purged gases. 


*2 The apparent contraction is defined as 1-E/F, 
where E is the volume of exit gas containing gasol and 
COeg, and F is the volume of feed gas at standard tem- 
perature and pressure. 

*8 The hydroxyl number, from which alcohol content 
in the fraction was estimated, was determined by acetyla- 
tion at 100°C with acetic anhydride in pyridine. The 
saponification number was determined in the usual way 
with alcoholic potassium hydroxide. The carbonyl num- 


ber was determined by reaction with hydroxylamine in 
alcoholic solution and titration with aqueous hydrochloric 
acid. Olefin contents were calculated from bromine 
number determined as usually (refer to H.L. Johnson 
etal., Anal. Chem., 23, 869 (1951)), and paraffin contents 
were given as residues obtained by dissolving the frac- 
tion in a mixture ot phosphoric anhydride and concent- 
rated sulfuric acid (A.S.T.M. Standards (1953), Part 5, 
p.- 1040). 
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Results and Computation 
Results.—Results obtained from syntheses 


at apparent contractions of 46.3% and 36.1% 
are shown in Fig. 2 and Table I. In Fig. 2 


TABLE I 
FLOW RATE AND CHARACTER OF EXIT GAS 
AND YIELD OF PRODUCTS 


Test Test 

No. 1 No. 2 

Flow rate of entering gas g./h. 192 192 

Flow rate of exit gas g./h. 151 162 
Composition g./h. 

H, 5 6 

co 27 62 

COz 93 7 

No 14 15 

gaseous paraffin (CH,) 6 5 

gaseous olefin (C;Hs) 6 } 

Product obtained (aqueous) 7 9 

in separator g./h. (oil+solid) 21 14 

Difference between entering 13 7 
and exit gas g./h. 

Use ratio (Hz: CO) 11.25 2:21.34 

(oil+wax+spirits)/m*. (CO+H)), g. 103 98 

(C;Hs)/m*. (CO+Hyp), g. 30 29 

(CH4)/m*. (CC +Hp), g. 28 32 


the dotted curve indicates the amount, per 
1m* of purged gas, and of water given by the 
subtraction of amount of alcohol from that 
of aqueous product in the cold separator. 
The alcohol content tended to increase with 
the extent of conversion, as is shown in 
Table II. Table II shows use ratios of hy- 


TABLE II 
USE RATIO AND ALCOHOL CONTENT VARY- 
ING WITH LENGTH OF CATALYSET BED 
Distance from entrance, cm. 
20 10 70 100 150 200 260 310 
Use ratio Test No. 1 
1.00 1.11 1.08 1.04 0.93 0.74 0.75 0.80 
Test No. 2 
1.80 
Alcohol in ,, No. 1 
0 1.6 2.4 3.3 4.7 2.3 6.2 10.5 
aq. product ,, No. 2 


1.10 1.04 0.92 0.81 0.75 


—) 


3.0 4.6 4.0 12.1 


(wt %) 


drogen to carbon monoxide for 
conversion. 

In the present experiment, as the method 
used for the analysis of the residual gases 
has been incapable of providing the details 
in composition of the gaseous hydrocarbon 
(C<5), the gaseous paraffin and olefin are 
roughly assumed to consist of methane and 


increasing 


Of 
7 


Composition, wt 


wt % 


Fraction, 
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propylene respectively, as shown in Table I. 
This table shows that the flow rate of the 
entering gas differs slightly from that of the 
exit gas. The greater part of this difference 
might probably be due to the escape of 
lower alcohol and liquid hydrocarbon included 
by the purged gas through the separator. 
The composition of the oil from test No. 
1 is shown in Fig. 3. In this case the aqueous 


Paraffin Olefin Carbonyl Ester Alcohol 
compound 





60 ign = 1800 
Distilling temperature, °C 
Results of analyses for liquid pro- 
duct in test No. 1. 


\(Smm Hg) 
Fig. 3. 


product amounted to about one third of the 
amount of oil plus solid, and contained 0.6% 
C.-, 6%, Co-, 1% C;- and 3% C,-alcohols 
with 2.4% acid equivalent in amount to acetic 
acid. The oil and aqueous product from test 
No. 2 contained a somewhat smaller amount 
of oxygenates than that from test No. 1, where- 
as the amount of aqueous product from test 
No. 2 was greater than from test No. 1. 
Though the amount of oxygenates produced 
in the larger convertor was slightly less than 
that in the previous small convertor, the 
catalyst produced invariably the oxygenates 
attaining to half the total yield even under 
the conditions less suitable for oxygenates 
formation than those in the Synol process. 

Computation of Partial Pressure of the Com- 
ponents in the Catalyst Bed.—The apparent 
contraction and the partial pressure of any com- 
ponent of synthesis gas entering the convertor 
at any point in the bed are computed from the 
results shown in Fig. 2. 

Since the amount of oxygen appearing as Oxy- 
genates (but not water) in the separator of the 
exit attained to only a few per cent of the amount 
of oxygen supplied as carbon monoxide, the fol- 
lowing oxygen balance is permissible. 
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Vfco=V'(f'co+2f’co2)+vH20 
where V is the volume of entering gas and V’ 
the estimated volume of gases at different heights 
of the bed, both corresponding to normal tem- 
perature and pressure; f and f’, the mole frac- 
tions referred to subscript in the entering gas 
and residual gas from the separator; VH,o, 
the volume of vapour at N.T.P. of the water 
obtained in the separator per V’ of the residual 
gas. V’ and hence the apparent contraction (C= 
1—V'/V) at any point in the bed may be evaluated 


TABLE III 
COMPOSITION, FLOW RATE, AND PHYSICAL 
CHARACTERISTICS OF ENTERING AND EXIT 
GASES 
Entering gas Exit gas 


Test Test Test Test 
No. 1 No.2 No.1 No. 2 


Composition 


He 49.3 48.0 36.0 37.6 
CO 46.2 47.2 13.9 26.0 
CO2z 0.4 0.5 29.3 18.6 
Ne 4.1 4.3 69 6.2 
H20 5.2 6.0 
CoH; 5.3 3.9 
CsHi2 2.5 1.4 
CysH9OH 0.7 0.3 
Flow rate kg./h. 192 192 185 185 
$iLf. at N.T.P.. 263 277 174 196 
Cp kcal./kg. °C 0.468 0.456 0.414 0.434 
w kg./m.h. 0.0851 0.0853 0.0813 0.0830 
A keal./m.h. °C 0.1003 0.0990 0.0698 0.0765 


CyGS kcal./h. °C 0.0899 0.0876 0.0766 0.0803 
U keal./m?.h. °C 58.1 St.7 $1.5 §2.5 


from this oxygen balance in conjunction with the 
measured values of f, f’ and VH,o. 

The flow rate of gas and vapour in the con- 
vertor is, however, not directly related to V’ 
because part of the oily product exists as a vapour. 
In this respect the amount of product from the 
hot separator predicted the amount of the liquid 
in the catalyst bed, since the separator was 
maintained at a temperature similar to that of 
the convertor. As for the mean molecular weight 
of the product (hydrocarbon and alcohol) in 
gaseous and vapour state at the exit the results 
in Fig. 3 and in Table I are available for the 
estimation when the fraction and composition of 
a product distilling below the lowest distillation 
temperature (140°C at 5 mmHg) of the total pro- 
duct in the hot separator are taken into account. 
The results are shown in Table III. Since the 
flow rates of the gases plus vapourized products 
at the exit of the convertor are available from 
the results in Table III, the flow rate and partial 
pressure of the components at any point of the 
bed are computed when the flow rate is assumed 
to vary proportionally with the change of V’ 
(Fig. 4). 

Consumption of Carbon Monoxide and its 
Rate.—The principal primary reaction of the 
synthesis with iron catalysts may be represented 
by the equation* 

H,+CO——CHOH \ (1) 

—CHOH+H2z>—CH2—+H20 } 

Alcohols or hydrocarbons may be formed as the 
results of the stepwise addition of methylene 
radicals to one end of a growing chain terminated 
by a hydroxymethylene radical or a methylene 
radical)», The water-gas shift-reaction (2) be- 
tween carbon monoxide and water formed pri- 


marily by (1) may be the source of carbon 
dioxide?) 


a) 











Partial pressure, kg./cm? abs, 





40 100 150 200 260 














——— 0 
0 40 100 150 200 260 320 


Distance from entrance of bed, cm. 


Fig. 4. Change of partial pressure of components, apparent contraction C, and 
volume of residual gas V’, with length of catalyst bed. 


*4 In the synthesis the reaction represented by the 
equation He+2CO — -CH2- +COe2 would also take place. 
The previous investigation (J. Chem. Soc. Japan, (Ind. 
Chem. Sect.) 57, 100 (1954)) revealed that the reaction 
took place actually in the synthesis with the catalyst 
containing silica as a promoter but not with the catalyst 
described in this paper. 


5) E.J. Gibson and C.C. Gall, J. Appl. Chem., 4, 49 
(1954). 

6) A.W. Weitkamp and C.G. Fuge, Ind. Eng. Chem., 
45, 363 (1953). 

7) H. Koelbel and F. Engelhardt, Chem. Ing. Tech., 
22, 27 (1950). 

8) R. B. Anderson, B. Seligman et al., Ind. Eng 
Chem., 44, 391 (1952). 
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CO+ H2z0—H2+COz2z (2) 
The consumed amounts of carbon monoxide ob- 
served at different heights of the catalyst bed can 
be attributed to the sum of the amount of two 
kinds, the one from (1) and the other from (2), 
without conflict of evidence in the observed use 
ratios of hydrogen to carbon monoxide as well as 
the amount of water formed. When the evaluated 
amounts of carbon monoxide consumed according 
to either Eq. (1) or (2) are plotted against the 
quantity of the catalyst packed in the bed, Fig. 5 
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Packed volume of catalyst, cc. 
Fig. 5. Consumption of carbon monoxide 
by reaction (1) or (2) with increasing 
volume of catalyst. 


results. The curves in this figure may then be 
graphically <ifferentiated to give the rates of the 
carbon monoxide consumption, cc. COcony./hr. cc. 
catalyst. 

Computation of Temperature Gradient in 
Catalyst Bed.—In the present experiment the 
temperature was measured in the oil bath along 
the wall of the convertor, but not in the catalyst 
bed except at the top. The temperature gradient 
thus measured might relate to the longitudinal 
distribution in the bed by the usual computation 


as follows. 
Although S. Kodame et al. already pointed 


out that the true temperature gradient in the 
catalyst bed where the heat of reaction was great 
and simultaneously the flow rate was small could 


9) S. Kodama and K. Fukui, Kagaku Kikai (Chem. 
Eng.), 12, 72 (1948) (in Japanese). 
*5 The computations were conducted as follows: The 
values of Cy were obtained from the additive property 


with the corrections upon pressure by Hougen-Watson 
of the components. The viscosity and the thermal con- 
ductivity were evaluated by the application of the Wilke’s 
method (J. Chem Phys., 18, 517 (1950)) and the 
Lindsay-Bromley’s (Jnd. Eng. Chem., 42, 1508 (1950)) 
respectively, with which the theorem of corresponding 
state being used. The values obtained are listed in 
Table Ill. The heat transfer coefficient between S.K. 
oil and the wall of the convertor was computed by 
means of the equation in annular spaces for the case of 
laminar flow by C.Y. Chen et al (Trans. A.S.M.E., 68, 
99 (1946)), and attained to the value of 44.4 kceal./m2hr.°C. 
The heat transfer coefficient based upon the average 
temperature of the packed bed for the entering and exit 
gases was computed by use of the equation by S. Hatta 
et al. (Kagaku Kikai, 12, 58 (1948); 13, 79 (1949) (in 
Japanese)) which was applicable to the present experi- 
ment (R.<100) and resulted in a respective value of 
198 and 136 kcal./m2hr.°C, from which the respective 
overall heat transfer coefficient was consequently given 


Table III). 
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not be given unless a three dimensional mathe- 
matical treatment of the problem should be em- 
ployed, the treatment was so difficult in this case, 
where no rate equation had yet been given, that 
the calculation was conducted conventionally under 
the assumption of uniform temperature in the 
lateral direction of the bed. Under this assump- 
tion the rise of temperature due to the heat of 
synthesis in the longitudinal direction of the bed 
might be usually given by Eq. (3) or (4). 


CpGS dt _ sy gs —2xRU(t—tw) (3) 
dx 7 
CpGS 4t=Q —2zRU 4x(t —tw) (4) 


In Eqs. (3) and (4), Cp is specific heat at a con- 
stant pressure, kcal./kg. °C; G, mass velocity of 
the fluid kg./m? hr.; S, cross sectional area of 
the convertor, m?; x, height of the bed from the 
top, m; t, mean temperature of the bed at x 
from the top, °C; tw, temperature measured in 
the oil, °C; ¢z, rate of ith reaction, cc. CO/hr. cc. 
catalyst; qi, heat of ith reaction, kcal./ec. CO; 
U, overall coefficient of heat transfer kcal./m2. hr. 
°C; R, radius of the bed, m; and Q is heat evolved 
by reaction in a volume S4z, kcal./hr. The values 
of CpGS and U at the entrance and the end of 
the bed are computed to give the results as shown 
in Table III*. CpGS and U are expressed as 
functions of the bed length as shown in Fig. 6, 
when they are again assumed to vary propor- 
tionally with the change of V’. 
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Fig. 6. Temperature measured in oil bath 
(tw), CpGS, and heat of synthesis (Q> 
related to bed length, and temperature 
gradient in bed. 
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The heat evolved in the synthesis is also ex- 
pressed as a function of the bed length, as shown 
in Fig. 6, from the amount of carbon monoxide 
consumed according to either (1) or (2), by em- 
ploying 620 kcal./m* (H»+CO) and 9.0 kcal./mol. CO 
for the heats of reaction by (1) and (2) respec- 
tively. From these distributions together with 
the temperature gradient in the oil bath the tem- 
perature is expressed as a function of the bed 
length when a numerical stepwise computation by 
trial and error method is employed for Eq. (4) 
by starting the process from a bed length of 
10cm. from the entrance. 


Discussion 


Rate Equation of the Synthesis.—Data 
available for kinetic interpretation are gen- 
erally obtained from the measurement in an 
isothermic convertor with a small amount of 
catalyst, however, in the synthesis such as 
described in this paper the yield in products 
such as oil and water is usually too small to 
permit a detailed treatment of the rate. 
Although the present experiment was con- 
ducted in the convertor with a temperature 
gradient in the bed, the results were available 
for the interpretation, as two portions nearly 
isothermic over a relatively wide range of the 
catalyst bed were fortunately present. 

Rate equations for the synthesis, based on 
different steps as the rate determining step 
in terms of the Hougen-Watson’s classifica- 
tion, are listed in Table IV together with 
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dt=RkCcarviaeC},, Where Cu is the concentra- 


tion of hydrogen adsorbed with dissociation 
no the catalyst surface. The equation re- 
sulted in Eq. (c) when Cearbiae could be as- 
sumed equivalent to COaa, however, the me- 
chanism seemed somewhat’ improbable’. 
With respect to the components adsorbed on 
the surface, only one component among the 
reactants and products was taken into con- 
sideration, since the two components made 
the equation too complicated to be used for 
the interpretation of the experimental results, 
whereas an equation without consideration 
of the adsorbed component, such as Eq. (f) 
by R. B. Anderson et al for the synthesis 
with an iron catalyst, proved too simplified 
to permit the interpretation. 

The Equations may be generalized to Eq. 
(5) which is then rearranged to Eq. (6) 


é j 
b=kIT pi /(1+kR IT p;)” 5) 


} 4 


j 
U Ib / =V1/kR+V k™/kIIp; (6) 
\ Ibi /¢ 


The correct assumption gives a straight line 

with a positive value of slope and intercept 
= 

when values of x I pi/¢ are plotted against 

ITp;. In Fig. 7, some of the rate equations 

are shown, being thus plotted, and the Eq. 

(a), (b), and (h) appear to be more adequate 


TABLE IV 
RATE EQUATION 


Surface reaction controlling 


COaa + Haa~—>COH aa 6=kpy,'*hco/1 +k’ deo?” (a) 

COHaa + Haa——>CHOH aa 6=kpy. Poco +k’ boo)” (b) 

COaa + 2Haa——>CHOHaa =kpy,Pco/1+k' bco)* (c) 
Adsorption controlling 

Ho——>2Haa 6=kpy,'2/(1+k’' peo) (d) 

CO—>COaa =kpcoMl +k’ py,'”) (e) 

By Anderson (Fe-catalyst) o=kpy, (f) 
Desorption controlling 

Productaa~—>Product 6=(kk’ py.?Pco/hu.o)/(1 +k’ buy? hco/huz20) (g) 

By Anderson (Co-catalyst) 6=kk’' py? bco1 +k’ bys? co) (h) 
By Tramm 6=(kpy.?/Pco +k (bco.+ Puzo)"] (i) 


the equations once proposed by R. B. Anderson 
et al’ and H. Tramm*®. The equation (h) 
by the former was based on the desorption 
of adsorbed product as the rate determining 
step, while that by the latter was not obvious 
about the rate-determining step in terms of 
the above classification. S. Kodama!" pro- 
posed the rate equation given by ¢=d[CH,]/ 
10) H.H. Storch, N. Golumbic et al, ‘‘ Fischer-Tropsch 
and Related Syntheses’’, (1951), pp. 529, 554. 


11) S. Kodama, J. Chem. Soc. Japan, 62, 1185 (1941) 


(in Japanese). 


expressions of the rate. The values of k 
and k’ at the temperatures of 229 and 237°C 
are hence computable and then the apparent 
activation energy is obtained by the Arrh- 
enius’ equation to give the values shown in 
Table V. From these values here obtained, 
the rates of synthesis at different temper- 
atures are computed by the respective equa- 
tions and compared, as shown in Table VI, 


K. M. Watson, ‘‘ Chemical 
p. 924. 


12) O. A. Hougen and 


Process Principles’’, (1950), 


ie 
yt 


January, 1956] 
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with the experimental rate obtained from 


Pa } Fig. 5. Table VI shows good agreement with 
F al * three rate equations and the agreement is 
ny 9 < | incontestable among them. 
| ow (ey wo With respect to the water-gas shift reac- 
8 ae yA hig | tion accompanying the reaction (1), the follow- 
| a a | ing rate equation by Padovani-Lotteri'® is 
a employed 


6=R Dy.oPco— Kbu.Pco:) (4) 


and the rate constant as well as the apparent 











‘activation energy is similarly evaluated to 
= senation tengernwes, 287°C give the values of 13.45, 9.14cc. CO/cc. 
0- = —— Cat. hr. atm? for the former in test No. 1 
” and No. 2 respectively, and 24.5 kcal./m for 
| yo the latter. The agreement between the rates 
- i 5° computed from the values thus obtained and 
P ~ the experimental is, however, less satisfactory 
Se 7 than that attained in the reaction (1). 

_—— yd nena Lateral Temperature-distribution of Cat- 
= ~ ot 0d)» alyst Bed.—W. Broetz et al” gave a following 
= ———— nr. differential equation (Eq. (8)) of lateral heat 
- : a | transfer across the catalyst bed, provided 
that the temperature were uniform in the 
direction of gas flow and, at the same time, 

* reaction temperature, 229 C | the concentrations uniform across the bed 
; d?0/ dr? +-(1/r)(dO/dr) +S ‘tewQ:e%i9/X=0 (8) 

Ip; i 

Fig. 7. Experimental rate plotted by In the equation, 7 is a lateral distance from 





variou: 


rate equations in 


Table IV. 


_center, m; 0, temperature difference between 


TABLE V 


VALUES OF k, k’, AND APPARENT ACTIVATION ENERGY OBTAINED FROM Eqs. (h), (b) and (a) 


Equation 


Eq. (h) 


Eq. (b) 


Eq. (a) 


Temperature Ie 
Cc k 

237 347 
229 244 
237 2. 81 
229 1. 88 
237 2. 88 
229 1.91 


Energy of 


ke activation 
0.918 x 107% 
cc. CO/cc. cat. hr. atm 22.3 
0. 902 « 10 
2.581072 
cc. CO/cc. cat. hr. atm? atm 25.8 
2.70 x 1072 
1.231072 
cc. CO/ce. cat. hr. atm!.5 atm! 25.9 


1.27 x107 


TABLE VI 


COMPARISON OF EXPERIMENTAL RATE WITH RATES COMPUTED FROM Eqs. (h), (b) and (a) 


Temperature 


237 


207 


13) C. Padovani and 
56, 391T (1937). 


Distance 
Test from 
No. Entrance 
cm. 
1 260 
1 300 
2 250 
2 290 
1 90 
2 198 
1 30 
2 90 


Rate obtained 


from Fig. 5 


Rate computed from 


cc. CO/h. ce. Eq. (h) Eq. (b) Eq. (ay 
cat. 
119 119.8 122.3 119. 2 
85 85.0 88. 2 85. 2 
109 110.5 110.2 113.0 
96 92.6 93. 1 94.2 
105 109.9 102.9 103. 2 
99 98.0 88. 6 90.3 
63 85.5 81.9 Ze 2 
50 51.8 44,2 45.6 


A. Lotteri, J. Soc. Chem. Ind., 








188 Hiroshi Ucuma, Michio KURAISHI, Hideo ICHINOKAWA and Kiyoshi OGAWA _ [Vol. 29, No. 1 


catalyst bed and oil bath, °C; mw, rate of 
ith reaction corresponding to the temperature 
of oil bath, mol. CO/m* cat.; Q;, heat evolved 
by ith reaction, kcal./mol. CO; A, effective 
thermal conductivity of packed bed, kcal./m. 


hr. °C; B is given by Bkx=E;/RT2**, where 


E; is apparent activation energy of ith re- 
action, Tw, temperature of oil bath, °K; R, 
gas constant. On the basis of this equation, 
he derived a relation between ww and %, the 
rate averaged over a cross section in the 
bed. In the derivation, he gave graphically 
or numerically the lateral temperature dis- 


tribution as a function of Ri Bae, but 


not analytically’. 

Attempts are made here of an analytical 
solution with simplification of the Broetz’s 
equation and also of its application to the 
experimental results. The boundary condi- 
tions for Eq. (8) are given by 


—nr(d0/dr)=U'@ at r=R 
and @ has a finite value at r=0 


DU’ is overall heat transfer coefficient, kcal./ 
m*hr. °C, and R, radius of the bed. The 
equation can neither be analytically solved 
nor numerically integrated without tedious 
computation, but reduces to an equation 
similar to that obtained by R.H. Wilhelm et 
al’. when the terms higher than the third 
in the expanded series of e”? are neglected, 
and then it is solved to give Eq. (9) 


= Cc T(r A) - ] 
a 5 1) 
A > Niwt *4Bi/r, 


e 


D=U'J\RY A)-AV AIRY A) 


where J», J; are the Bessel functions of first 
kind, zeroth and first order respectively. 
From the equation in conjunction with the 
observed data, such as the composition of 
gaseous product, ¢» (temperature of oil bath, 
°C) and the rate equation, the temperature 


C=} iwQi/r (9) 


*6 W. Broetz introduced a relation between the reaction 
rate (n; at 7T°K in the catalyst bed and the one (A, w) 
corresponding to the temperature in the oil bath, which 


was given by 
EB; ; 

‘ ; iv be a (Ty-T) 

AEN wr eXP 
He assumed the following relation when T differed not 
so much from Jy 

E,/IR‘T*T ys E ;/IR*Tw" =B;, 

and attained to 
3 0 


a; iw e Bi ° 
14) W. Broetz, Z. Elektrochem., 57, 470 (1953). 
15) R.H. Wilhelm, W.C. Johnson et al., Ind. Eng. 


Chem., 35, 582 (1943). 


difference @ in the portions of convertor with 
relatively uniform temperature in the direc- 
tion of gas flow is given as a function of 
lateral distance 7 in Fig. 8. In the computa- 


240- 


230- 


°C, 


220- 


Temperature, 


200 - 





Radial distance, mm. 


Fig. 8. Lateral temperature gradient in 
bed computed by Eq. (8). above; Test 
No. 1, 260 cm. apart from entrance. below ; 
Test No. 2, 90cm. apart from entrance. 
full line, analytical solution with sim- 
plification. dotted line, numerical com- 
putation. 


tion, B; is evaluated from the observed ¢tw 
and the apparent activation energy (25.8 and 
24.5 kcal./mol. for the reaction (1) and (2) re- 
spectively), and also #:w from the rate equa- 
tion (h) (Table IV) and Eq. (7) employing the 
values of k, k’ and the partial pressures in 
gaseous product and hence A and C are 
consequently determined. D is computable 
from the values of U’ (83.5 and 81.4 kcal./m?. 
hr. °C. at points 90 and 260cm. apart from 
the entrance respectively) and A (0.636 and 
0.443 kcal./m. hr. °C.) which are similarly ob- 
tained as previously described. 

In this figure, it appears that the higher 
terms may no longer be ignored when @ is 
larger than 10°C. This is conceivable from 
the value of B of about 0.05 and illustrated 
in the temperature-diameter curve at the 
point 260cm. apart from the entrance. 


Summary 


The catalyst containing copper as a pro- 
moter has produced a good yield of the oxy- 
genates in the small convertor (volume of 
the catalyst, 60cc.) as well as in the larger 
convertor (620cc.). Although the syntheses 
have been conducted at relatively low space 
velocity of the synthesis gas as compared 
with the Synol synthesis, the oxygenates 
amount to so high a value as half the liquid 


= a ome 
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with 
irec- 
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and solid products and the result may promise 
the higher yield of oxygenates at the work- 
ing conditions analogous to those with the 
Synol synthesis. 

From the results of analyses for the re- 
actants and products in the gases withdrawn 
from seven different heights of the catalyst 
bed together with the results of the com- 
position of the product at the exit and also 
with special attention paid to the temperature 
gradient and flow rate through the catalyst 
bed, two types of the rate equation have 
been presented as shown by Eq. (A) and Eq. 
(B), both Of which are similarly applicable to 
the observed rate. 


b=RK'DZ doo/(1+k'P3,Pco) (A) 
6=kpy,Pco/(I+k’pco)’, 
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b= kpyzpco/(1+k’pco} (B) 


The equation (A) was once proposed by R. 
B. Anderson et al. for the synthesis with a 
cobalt catalyst. 

The lateral temperature distribution in the 
catalyst bed is given by a simplified analytical 
solution of the W. Broetz’s equation of the 
heat transfer only when the temperature dif- 
ference between the wall of the convertor 
and the catalyst bed is considerably small. 


The authors wish to acknowledge the par- 
ticipation of Mr. Tadasuke Hosoya in a part 
of the experiment and to thank him for his 
assistance. 
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Atomic Weight of Oxygen in Quartz of Contrasted Geologic Origin 


By Taneki ToKUDA 
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It is obvious that the study of the oxygen 
isotope abundances in silicate rocks, which 
form about 99% of the outer shell of the 
earth, may yield valuable information on the 
origin of the rocks. Therefore, the atomic 
weight of oxygen combined in silicate 
minerals and in silica stones of contrasted 
geological origin was investigated. And some 
new knowledge on silica stones in Japan has 
been obtained. 


Experimental 


Some reactions have been known for decom- 
position of silicate minerals and rocks: 


(a) SiOs+2C+2Cl. ~~ SSiCl,+2COY 


7 P 1000°C 7 
(b) Si02+2CCl, —— SiC], + 2CO + 2C]127545455) 
; : 2000°C ’ ary 
(c) SiO.+2C — + Si+ 2C047) 
1) F. Ullmann, ‘“‘Enzyklopadie der technischen 
Chemie”, 2 Aufl. Urban & Schwarzenberg, Berlin, 9, 


504 (1932). 

2) S.H. Manian, H.C. Urey and W. Bleakney, J. Am. 
Chem. Soc., 56, 2601 (1934). 

3) E. Demarcay, Compt. rend., 104, 111 (1887). 

4) Quantin, ibid., 104, 223 (1887); 106, 1074 (1888). 

5) P. Camboulives, ibid., 150, 175 (1910). 

6) A.P. Vinogradov and E.I. Dontsova, Dokiad. Akad. 
Nauk S.S.S.R., 58, 83 (1947); C.A., 46, 4442a (1952). 

7) M.L. Keith, M.A. Tuve, G.L. Davis and J.B. Doak, 
Am, Min., 38, 346 (1953). 


Sle * 
(d) Si0.+4M++Si+2M+,0——“""_>siCl, 
300~310°C 
+2M,0——"*<+_,2M+,Cly+ 2H,0% 
400~500°C 
. - SOS cn me n 
(e) SiO.+4KHF;—~——>K2SiFs + 2KF +2H,08 


(f) 3M**,Si0,+ 8CIF;—~——»6M**F 2+ 3SiF, 


+ 4Clo+ 602!!512) 


(g) M*+,Si0,+4F2 ———+2M*+F SIF +202! 
The reaction (e) was used for this investigation. 
The obtained water and also standard water (tap 
water of Osaka city) ) were decomposed electroly- 
tically, and the obtained oxygen was recombined 
respectively with the hydrogen gas in the same 
bomb. And the density difference between these 
two kinds of water was determined by the froat 
method. 

The obtained results are shown in the Table I. 


8) T. Tokuda and T. Kashida, Sci. Pap. Osaka Univ., 
No. 6, 1 (1949). 

9) L. Gattermann, Ber., 22, 186 (1889); L. Gatter- 
mann u. K. Weinlig, ibid., 27, 1943 (1894). 

10) T. Titani, Ann. Rept. Sci.Works Fac. Sci. Osaka 
Univ., 1, 39 (1952) (Publ. 1953). 

11) P. Baertschi, Helv. Phys. Acta, 23, 536 (1950). 

12) P. Baertschi, and Sol R. Silverman, Geochimica et 
Cosmochimica Acta, 1, 317 (1951). 

13) I. Kirschenbaum, ** Physical Properties and 
Analysis of Heavy Water’’, McGraw-Hill Book Co., N.Y. 
(1951), pp. 378, 417, 422. 
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TABLE I 


THE DENSITY DIFFERENCES BETWEEN THE OXYGEN IN ROCK SAMPLES AND THAT IN 
STANDARD WATER DETERMINED IN THE FORM OF WATER 


Rocks and Minerals 


Z 


Sedimentary rocks 
Quartz schist 
Vein quartz (Sedimentary ?) 
9 ( mn ) 
Recrystallized chert 


Oe WH 


So 


” 


Radiolarian chert 
Diatomite 


,] 


oc oo 


Igneous minerals 
Microcline 
Augite 
Tourmaline 
Sedimentary rocks 
Cheshire orthoquartzite 
Arkose 
Dover flint 
Moquoketa shale 
Igneous rocks 
< Gneissic granite 
18 Greenland basalt 
Basalt 


20 Lavas 


(No. 1~No. 12). Those by P. Baertschi'™ obtained 
using the massspectrometer are also shown in the 
same Table (No. 13~No. 20). Excess density of 
oxygen in these silica stones, namely Mikawa 
quartz schist, chert, vein quartz, and diatomite 
was +3.0~-+5. 87, and that in the igneous minerals, 
namely microcline, augite and tourmaline was 
2.07. According to P. Baertschi, excess 
density of oxygen in sedimentary rocks was 

3.2~+6.17, and that in igneous rocks is 
+1.8~+2.87. Therefore, the results of the 
author by the froat method is in good agreement 
with those of P. Baertschi by the massspectro- 
meter, in spite of the fact that chemical procedure 
of decomposition of rocks and method of determina- 
tion of oxygen abundance ratio of the present 
author is based on an entirely different principle 
from that of P. Baertschi. 


+1.5~ 


Discussion 


It has been known that chert and diatomite 


are sedimentary rocks. Therefore, the ob- 
tained value; +5.0~+3.07, is recognizable. 
From the results on Mikawa quartz schists; 
+5.8~+4.47, It is recognized that Mikawa 
silica stone is a metamorphic rock of sedi- 
mentary origin. And the stone has been 
grown, may be, from chert’. It is note- 
worthy that the vein quartz in the Tamba 


14) P. Beartschi, Nature, 166, 112 (1950). 


Excess Density 
of Water (T) 


Locarity 


Mikawa (Okuyama), Japan 
" (Yagen), 


Wakasa, 
Tamba, 


” 


Kuroda, Shiga, 
(Commercial) 


wwwhorh por 


Yamanashi, 
Fukushima, 
Hyogo, 


Vermont 
Connecticut 
England 


Iowa 
South Dakota 


Columbia River, oregon 


Paricutin 


stone and in the Wakasa silica stone 
has the value, +4.1~+3.87, as high as the 
recrystallized chert, +4.7~+3.87. They 
clearly, belong to a group of sedimentary 
rock, and not to that of igneous one. Accord- 
ingly, these kinds of vein quartz are presumed 


silica 


Half time (hr.) 


60 65 70 
1/T x 10! 

Fig. 1. Half time (hr.) of sluggish inver- 
sion from quartz to cristobalite (This 
inversion is a reaction of first order) 
when heated at a constant temperature 
(T °K) in an electric furnace. The 
firing atmosphere is air. 


15) H. Yamada, ‘‘ Petrographical Studies on Refractory 
Materials’ Gihodo, Tokyo, (in Japanese), p. 1 (1926). 
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not to be igneous rock, but to be segrega- 
tion product!%!75!%), 

According to the experimental results of 
the author’, sluggish inversion of silica 
stone from quartz to cristobalite is a reaction 
of first order. Half times of silica stones are 
compared with each other in the Fig. 1. As 
is shown in the Figure, half time of vein 
quartz is closer to that of chert than to that 
of pegmatote quartz, in spite of the fact that 
its chemical composition, density (Table II, 
Fig. 2), and degree of crystal growth (Fig. 3) 
are closer to that of pegmatite than to that 
of chert. 

According to O. F. Tuttle?” and M. L. 
Keith?”, vein quartz is presumed to be grown 
at far lower temperature than the quartz in 
igneous rocks such as pegmatite, granite, 
and rhyolite; namely at a similar temperature 
to that of the cryptocrystalline quartz, found 
in limestone. This result does not contradict 
our results. According to Keith, Davis, Tuve, 
and Dork’,??, the samples of quartz known 
to have been formed at low temperature 
have higher content of O'S than do the 
samples that have been formed at high tem- 


Atomic Weight of Oxygen in Quartz of Contrasted Geologic Origin 


2.70 


Specific deucity 


— SiOz (%) 
Fig. 2. Relation between specific density 
and silica content of silica stone. 
C: Chert Q: Quartzite 
V: Vein quartz P: Pegmatite quartz 


peratures. The atomic weight of oxygen 
in silicate minerals and rocks is useful for 
the investigation of their geological origin, 
and will be used as a geological thermo- 
meter”. 


TABLE II 
CHEMICAL ANALYSIS AND SPECIFIC DENSITY OF SILICA STONE 


Pegma- 
Classification tite 
quartz 


Vein Vein 


quartz 


Vein Vein 
part of part of 
Wakasa- Tamba- 
Aoshiro Akashiro 

silica silica 

stone stone 


Fuku- 
shima 
silica 
stone 


Common 
name 


Quartz- 
quartz ite 


Mikawa 
silica 
stone 

(Yagen) 


Radio- 
larian 
chert 


Vein Recrys- 
and tallized 
chert chert 


Quartz- 


7 Chert 
ite 


Chert 
part of Tamba- 
Tamba- Aka 
Akashiro _ silica 
silica stone 
stone 


Mikawa 
silica 
stone 
(Oku- 
yama) 


Kuroda 
silica 
stone 


Youra 
silica 
stone 





SiOz 99. 72 


Fe.0; 0.14 mt 0. 63 
CaO 0. 10 i 0.09 
MgO 0. 00 0.01 


MnO -— — 
Alkalis — 0.10 0.11 
0. 00 0. 05 0.10 


Ig. loss 


Total 99.96 99. 82 100. 08 


Specific density 2.652 2.651 2.642 
16) S.Iwao, T. Anzai and T. Okabe, Bull. Geol. Sur 
vey Japan, 2, 10 (1951). 
17) H. Koide, J. Geol. Soc. Japan, 56, 351 (1950). 
18) M. Watanabe, ibid., 57, 6 (1951). 
19) T. Tokuda, This Bulletin, 28, 435 (1955). 
20) O.F. Tuttle, Am. Min., 34, 723 (1949). 


99.13 99. 25 
Al2,03 0. 00 b 0. 01 tr. 


100. 68 


2.643 


5. 68 94.12 


98. 69 


0. 38 LS ’ 4 1.87 
+ 2.87 
0. 20 a * , 1.89 


0. 07 . ° 0.25 
0. 29 . 0 0. 66 
_ 0.24 


0.17 - .18 _— 
0.10 0.35 .09 0.19 


99.98 99 99.79 99. 80 


2. 666 2.659 


99.95 


2.648 2.689 2. 667 


21) M.L. Keith and O.F. Tuttle, Am. J. Sci. Bowen 


Volume, 203 (1952). 

22) M.L. Keith, M.A. Tuve, G.L. Davis and J.B. Doak, 
Carnegie Institution of Washington Year Book, No. 49, 
36 (1950). 

23) Sol R. Silverman, Geochimica et Cosmochimica 


Acta, 2, 26 (1951). 





Akiya KoZAWA and Kumazo SASAKI 


(Crossed nicol.) 

Fig. 3. 
silica stone, Japan) 
part show recrystallized chert. 


Grateful acknowledgement is made to Prof. 
T. Ao of Osaka University and Prof. S. 
Matsushita of Kyoto University, for their 
guidance, and to Master K. Kurita for his 
cooperation. Thanks are also due to the 


Photomicrographs of vein quartz with recrystallized chert. 
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Purification of Graphite. I. Removal of Vanadium by Chlorine Gas 
Treatment 


By Akiya KozAwa and Kumazo SASAKI 


(Received August 1, 1955) 


Many kinds of industrial uses require 
high purity graphite. Particularly anode 
graphite electrode for the chlorinecaustic 
electrolysis must be especially freed from 
vanadium’? among other metal impurities. 
In the following study the writers tried to 
remove a small amount of vanadium from 
carbon materials using chlorine gas, as Y. 
Kato and R. Yazima” did in removing silicon, 
aluminum and iron from coke samples. 

1) Removal of Vanadium from Powdered 

Samples 

The powder of a graphite or coke sample 
(0.5 g.) which can pass through a 100 mesh 
sieve is taken in a porcelain boat (50x8 

1) G. Angel, T. Lundén, S. Dahlerus and R. Brannland, 
J. Electrochem. Soc., 102, 124, 246 (1955). 


2) Y. Kato and R. Yazima, J. Electrochem. Soc. Japan, 
6, 168 (1938). 


x8mm.) and placed in an electric furnace 
as shown in Fig 1. It is heated for one to 
two hours in the current of chlorine gas, the 
current velocity of which is adjusted at about 
20 cc. per minute. Then the sample with the 


P 
ve LYE) 
) eoeceaeer 
rr ee 
A 
A.5N-NaOH sol. E. Electric furnace. 


B. Porcelain boat. P. Pyrometer. 
C. Cylinder chlorine. S. Silica tube. 
Fig. 1. Apparatus for Cl, treatment. 


addition of sodium carbonate powder is ashed 
and the vanadium is determined according 
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to the colorimetric method proposed by the 
present writer”. 

The results given in Table I show that 
vanadium removal is nearly complete at 400°C 
for the graphite sample, while for coke, 
amorphous carbon, it is incomplete even at 
600°C. It is highly probable that the dif- 
ferent behavior between graphite and coke 
is due to their difference in crystal structure. 


Purification of Graphite. I. 


central) was determind. The results given 
in Table II show that the vanadium content 
does not differ much between these two 
portions. This fact makes it probable that 
vanadium escapes as some volatile chloride 
such as VC], b.p. 154°C or VOC], b.p. 127.2°C. 

Further, the state of vanadium in the 
original sample is beyond our present know- 
ledge and the only thing that can definitely 


TABLE I 
REMOVAL OF VANADIUM FROM POWDERED SAMPLE 


Vanadium content (Tf /0.5 g.) 

treated after Cl. 
| (hr.) treatment 

Anode graphite 400 1 136 9 

Anode graphite 400 2 136 7 

Coke 100 230 

Coke 500 230 

Coke 600 230 


Temp Time 
Sample original 


TABLE II 
REMOVAL OF VANADIUM FROM GRAPHITE RODS 


Vanadium content* after Cl. treatment 
Central part Outer part Removal 
(7/0.5 g.) (7/0.5 g.) (%) 


Temp. Time 


(°C) (hr.) 


100 
220 
340 
400 
520 


6 620 


100 105 33 
92 95 39 
21 20 86 
11 12 93 

9 8 94 
6 5 96 


* original vanadium content: 140-170 7/0.5g., mean 150 7/0.5g. 


Removal of Vanadium from Graphite 
Rods 
A number of rods (10x10x35mm.) were 
cut from a sample of anode graphite for 
mercury cell process, a product of graphitiza- 
tion at a temperature above 2200°C. The 
rods were treated with chlorine gas in a 
similar way as in experiment (1). After 
this treatment, the vanadium content of two 
separate portions of the rods (outer and 


3 K. Sugawara, M. Tanaka and A. Kozawa, This 
Bulletin, 28, 492 (1955). 


be said is that the element can not occur 
as carbide because vanadium carbide is at- 
tacked by chlorine gas only when it is heated 
red» 

Studies concerning other impurities will 
be published shortly. 


Department of Applied Chemistry, Faculty 
Engincering, Nagoya University, 
Nagoya 


4) H.J Emeléus and J.S. Anderson, ‘‘ Modern Aspects 


of Inorganic Chemistry ”’ 1952), p. 475. 





Sakae YAGI, Terukatsu MIYAUCHI and Chia You YEH 


[Vol. 29, No. 1 


Studies on the Reduction Rate of Aromatic Nitrocompounds by Bechamp’'s 
Method 


By Sakae Yaci, Terukatsu MryAucui and Chia You YEH 


(Received Au 


I. Introduction 


Since 1854, the year in which Béchamp 
reduced aromatic nitrocompounds to corres- 
ponding primary amino-compounds using iron 
particles and acetic acid, many investigations 
into Bechamp’s reduction have been carried 
out by various authors’ from the scientific 
and technical standpoints. The curious 
catalytic action of hydrochloric acid which 
came into use later was investigated by 
Witt?’, Whol®’, Raikow” and others. 

Effective catalysts for the reaction were 
greatly extended in their scope by Lyons 
and Smith”, and recently the reaction 
mechanism has been discussed by Luder and 
Zuffanti® from the electronic point of view. 

Technical preparations of primary amines 
by this method are now generally performed 
by batchwise operation. 

Some investigations’ into a continuous 
process have been reported in the literature, 
but their industrial success is yet uncertain. 
With the same purpose as mentioned above, 
we have studied the technical reaction rate 
of this reduction as a fundamental approach 
to an industrially feasible continuous opera- 
tion. No systematic data on the reaction 
rate seem to have been published yet. 

First, we investigated a batchwise process 
using an agitated vessel and later a continu- 
ous process by means of a fluidized bed 
reactor proposed by one of the authors*’. 
Studies reported here only cover the former. 


II. Experimental Procedures 


Fig. 1 illustrates the assembly of the reactor. 
The reaction vessel is composed of double cylind- 
rical tanks, both made of mild steel. The dimen- 
sions of the inner part are 100 mm. dia. «114 mm. 
height (about one liter in volume). The annular 
space between the tanks is filled with a boiling 

1) P.H. Groggins, ‘‘Unit process in Syn- 
thesis ’’, McGraw-Hi!!] Pub. Co., 4th ed., (1952). 

2) O.N. Witt, Chemische Ind., 10, 218 (1887). 

3) A. Wohl, Ber., 27, 1432, 1815 (1894). 

4 P.N. Raikow, Zeit. fiir Angew. Chem., 26, 
239 (1916). 

5) R.E. Lyons and L.T. Smith, Ber., 60, 173 (1927). 

6) W.F. Luder and S. Zuffanti, refer to 1), p. 89. 

7) A.G. Kalle, (1.G.}, Imd. Eng. Chem., 40, 1574 
(1948); Vikman Mukhanova, Russian p. 52006 
(1937). 

8) Sakae Yagi, Japanese pat. 


Organic 


196, 


and 


204, 536 (1954). 


gust 2, 1955) 


Fig. 1. Experimental apparatus. 

1. Three-blades impeller. 

; Reflux condenser. 
Sampling tube for condensate. 
Constant-temperature bath. 
Thermocouple. 
Electric heatee. 


liquid as a heat-transfer medium, choice being 
made among water, mcthanol, ethanol and a 
mixture of water and ethanol, each for its own 
reaction temperature. 

Two reflux condensers at the upper part of 
the reactor and a sampling tube, to obtain samples 
of refluxing condensate for analysis, are arranged 
as shown in the figure. 

An impeller composed of three brass blades 
and a mild steel shaft (blade length 35 mm., blade 
width 13 mm., blade inclination to the horizontal 
plane 30° and diameter of the shaft 10 mm.) is 
rotated in the inner vessel at the axial 
with variable speed. 

After the temperature is raised to the desired 
point, weighed aqueous hydrochloric acid solution 
of known concentration and weighed iron particles 
are introduced into the reaction vessel and agi- 
tated. When evolution of hydrogen gas ceases 
about three or four minutes later, the weighed 
nitrocompound preheated to the reaction tem- 
perature is introduced as fast as possible within 
about 20sec. The lapse of time from the com- 
pletion of the introduction to the sampling is 
regarded as the reaction time. Prior to the runs, 
the iron particles are pretreated as follows. To 
remove oily matter, the particles are kept in a 
loosely closed glass flask and exposed to the 


position, 
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temperature of 450°C for ninety minutes. They 
are cooled and then etched with dilute hydro- 
chloric acid. Nitrobenzene and hydrochloric acid 
are respectively of ‘‘extra-pure grade’’ and the 
other nitrocompounds are of ‘‘ chemically-pure 


grade’’. 


III. Analytical Methods 


Liquid mixtures such as PhNO,;-PhNH.-H2O or 
o-nitrotoluene-o-toluidine-water are analysed under 
ordinary temperature as follows: 

Provided the value of ®, the molar ratio of the 

nitrocompound to its initial quantity, is 
higher than about 0.1, a fairly good linearlity 
holds between amine mole fraction, in an equili- 
brium mixture of three components, and its 
refractive index, as shown in Fig. 2. Then with 


residual 


i" on oy an 
1) M29 4M 5 


7 RA OW 100 
Amine [mol. %] 
Fig. 2. Refractive index vs. 9. 
(a) Ph. NO.-Ph. NH:-H20 System at 
3%. 
(b) ortho. CH;Cs;H,NOz -ortho. 
CH;Cs3H;NHs-H20 at 25.0°C. 


asmall quantity of refluxing condensate taken at 
intervals, its refractive index is measured with 
an Abbe Refractometer after separating the 
sample into two liquid layers by a centrifuge. 
The true value of @ can then be determined 
from the equilibrium relationship between com- 
position of the refluxing condensate and that of 
the bulk. 

A polarographic determination» is made when 
? is smaller than 0.05 because the linearlity does 
not hold in this range. Samples are taken from 
liquid bulk in this case. 

p-nitrotoluene and a-nitronaphthalene are deter- 
mined by volumetric analysis since their reaction 
mixtures remain in solid state under ordinary 
temperatures. 

During reduction, a few ml. of the oil layer is 
taken from the liquid bulk, neutralized with a 
saturated aqueous solution of sodium carbonate 
and diluted with a known quantity of ethanol. 

Analysing this filtrate, total amine and nitro- 
compound are determined respectively. The 
former is back-titrated™ with 0.1N_ sulfanilic 
acid solution after an excess of 0.1 N sodium 


4) T. Takeuchi and M. Kasaki, J. Soc. Chem. Ind. 
Japan, 52, 69 (1949). 

10) J. Phillips and A. Lowy, Ind. Eng. Chem., Anal, 
Ed., 9, 381 (1937). 


nitrite solution is added. The reduction method!) 
with TiCl; is employed to determine the content 
of nitro-compound. 


IV. Expression of the Reaction Rate 


As will be later described, it is experi- 
mentally found out that the reaction rate is 
proportional to the surface area of iron, 
provided the iron particles are fully fluidized 
into the reaction mixture. 

The overall reaction rate, R is expressed 
as the rate of nitrocompound consumption 
per unit surface area of active iron, as 


1 dNy 1 do 


— ' 
Ar dé ar dé 


_ 1 @ 
a,+dy dé 


R=Overall 
cm?min.) 
@=Reaction time (min.). 
Ar=(A,»+Aw), the total surface 
area of reacting iron after the 
lapse of time @ (cm?’). 
A,»=Surface area of iron 
after @ (cm?”). 
Aw=Inside wall area of the reaction 
vessel plus the surface area of 
mild steel shaft both of which 
keep contact with the reaction 
mixture (cm?). 
Ny,=Initial molal quantity of nitro- 
compound (mol.). 
Ny=Residual molal quantity of @ 
nitrocompound after @ (mol.). 


@=Ny/Ny,, @r=Ar/Nxg=Gp+du, 
ay = A p IN Vv Aw = A w iN Vo 


From the material balance between react- 
ants, Ny, the residual atomic quantity of 
iron particles after 0, is given by Eq. (2), 
with an assumption that the overall stoichio- 
metric chemical equation is as follows since 
hydrochloric acid behaves ultimately as a 
catalyst 


(1) 


where reaction rate (mol./ 


particles 


0? 


R-NO,-+H.O+ , Fe=R-NH.+ ; Fe,0, 


9 { 

4 
4 | 
where Ny, is the initial atomic quantity of 
iron particles (atms). 

On the other hand, F,, the weight of iron 
particles after 0, and A, are assumed to be 
expressed by Eqs. (3) and (4) respectively 

F = WPrd,'n =NrMr (3) 


ca 
Nxvy—Nx)—| AwRad! (2) 


Nr=Nyr,- 


*.L. English, Ind. Eng. Chem., 12, 994 (1920). 
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A,=¢d,’n (4) 


M;=Atomic weight of Fe (g./mol.). 
Pr=True density of iron (g./cm 


where 


d,=Mean representative diameter 
of iron particles after @ (cm.). 

n= Total number of iron particles 
(—). 

y=Volumetric shape factor | 

#@=Surface shape factor 


From the Eqs. (2), (3) and (4), @» or Ap/N xp 


is finally transformed into Eq. (5), provided 
the ratio of ¢ to f remains fairly constant 
or its mean value maintained throughout the 
progress of the reaction. 


/, : r oO | “A . 
ap Ts Mr 1— 7 i—®O \ dwRAO | 
. 18 Jo )J 


WPr dy, 
5) 
where B=Nr,/Nwo 
d,,=Mean representative diameter 


of iron particles at the begin- 
ning (cm.). 


By means of Eqs. (1) and (5), we are able 
to express the experimental data in terms 
of R. 


For practical calculations, however, the term 


” awk AO is inconvenient to use. Therefore, 
J0 
from equation (1) we obtain 

RdO = —dO/( ay +-ay 
and which enables us to transform the above 
integral into: 


6 “1.0 
(‘aoRdo=|°—_?9 


/0 Jol Ay/ Aw 


This final form is used to correct the sur- 
face effect of iron vessel and agitator shaft. 

In order to calculate a,, by Eq. (5), based 
on the experimental data, the integral in the 
parentheses is neglected at first, as the first 
approximation, and RF is calculated based on 
this approximation. With this approximate 
vaiue of R, a, is recalculated by Eq. (5) as 
the second approximation. Such recalcula- 
tions are repeated until the final value of R 
is obtained. 

In our experiments, the value of A,» is 
210 cm? and the ratio of @»/d», in one of our 
runs, is 2.72% at the initial stage of reaction 
and 10.1% at the final stage, provided the 
fB- value is 2.50. The mean representative 
diameter of the iron particles is defined as 
the geometrical mean value of the upper and 
lower sizes of mesh, and the ratio of the 
shape factors is determined by microscopic 
observation. 
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V. Reduction of Nitrobenzene by 
Bechamp’s Method 


Because of the fundamental importance of 
nitrobenzene among various nitrocompounds, 
basic studies are mainly centered on the 
reduction of this compound. 

V-1. Effects of Various Physical Factors. 

In this reaction, the system is composed 
of a mixture of four heterogeneous phases 
of solid iron particles, oxide sludge, an acidic 
aqueous layer and an oil layer. Experiments 
are made to determine in which phase or 
phase boundary the reaction proceeds mainly. 

a. Effect of Rotation Speed of the Impeller. 

Rotation speed of the mixing impeller main 
ly has influences on fluidization of iron 
particles into liquid bulk (settling of iron 
particles results in decrease in effective reac- 
tion surface), diffusional rate of reactants to 
the surface of iron particles, dispersion of 
heterogeneous liquid phases, mass transfer 
rate between these phases, removal and 
control of reaction heat and equalization of 
reaction temperature within the _ reaction 
mixture. 

Under a standard reaction condition (refer 
to V-3), the rotation speed of the impeller 
is set at 550, 1100 and 2200r.p.m. Between 
800 and 900 r.p.m., there is a critical rotation 
speed where the total iron particles are fully 
fluidized into the liquid bulk. 

The reaction rate at @-value of 0.5 (the 
rate around this @-value is apparently ex- 
pressed by zeroth-order reaction) is illustrated 
in Fig. 3. 





R [g.mol./em?min.] 





i, 2. OE 
Fig. 3. R vs.r.p.m. 


As obvious from the figure, the effect due 
to the rotation speed of the stirrer on the 
reaction rate is negligible when the iron 
particles are fully fluidized into the liquid 
bulk or the total surface area of iron parti- 
cles is all effectively used. 

For this reason, all the subsequent runs 
are performed at the rotation speed of 
1100 r.p.m. 

b. Effect of Surface Area of Iron Particles 
on the Reaction Rate--Under the standard 
reaction conditions, experiments are made to 
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trace the effect of surface area of iron 
particles on the reaction rate. A method 
of varying # with constant mesh size of iron 
particles and another of varying particle size 
with constant # are taken in turn to deter- 
mine the surface effect. 

Results obtained are illustrated in Fig. 4. 
The solid lines in this figure are derived 
from the integral form of Eq. (1), that is 








@ [min.] 
Effect of the surface area of iron 
particles on the reaction rate. 


Fig. 4. 


co do 


(6) 
1,0 (Ap +dw)R 


@=— 
where RF is the standard reaction rate given 
as line A in Fig. 11. Agreement between the 
experimental results and the calculated lines 
seems to verify that the reaction rate is 
proportional to the surface area of iron 
particles. 

Provided 7-value, the molal ratio of water 
to nitrocompound, is less than 6~7, the rate 
decreases steadily as the reaction proceeds. 

The experimental results, however, verify 
the above conclusion as obvious from the 
lines B and C in Fig. 11. 

c. Effect of Liquid Volume on the Reaction 
Rate.—Fig. 5 illustrates the effect of F on the 
reaction rate under 9-value of 0.5. If 7 is 


min. ] 


9 








R [g.mol./em 


0 5 » 6 20 
T=[H,O]/[Ph. NOg] 
Fig. 5. Effect of the liquid bulk volume 
on the reaction rate. 


proceeds 
constant, 


larger than 6~7, the _ reaction 
smoothly and the rate is fairly 
independent of changing Tf. 


with a center shaft, 
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This is supposed to mean that the reaction 
does not occur in the aqueous phase. 

An increase in the volume of the oil layer 
also fails to improve the rate; in this case 
local reaction proceeds violently due to local 
overheating when the aqueous layer is 
decreased in volume compared with the oil 
layer. 

In such an extreme case as when a theore- 
tically required amount of water is used, even 
generation of ammonia vapor is observed. 

This local phenomenon is supposed to be 
ascribed to insufficient removal of evolving 
reaction heat as a result of difficulty in 
vaporization of the co-existing water. 

d. Reduction of Nitrobenzene with a Rotat- 
ing Circular Ivon Disk.—Nitrobenzene con- 
taining aniline in various proportions is 
reduced with a circular iron disk, made of 
mild steel, (80mm. in dia., 6~7 mm. thick), 
in order to determine 
whether the reaction proceeds mainly on the 
iron surface contacting with the aqueous 
phase or on that contacting with the oil 
layer. 

This disk is rotated in any desired 
of oil or aqueous layer. 

A reactor composed of flat-bottomed double 


phase 


glass cylinders of similar form is used and 


the annular space is filled with water boiling 


under atmospheric pressure. The inner 
cylinder has dimensions of 100mm. dia., 
250mm. height, a capacity of about two 


liters. 

Temperature of the reactants is maintained 
at 98°C. Prior to a run, the same volume 
of aqueous layer (IN-FeCl, solution) and that 
of oil layer (ratio of Ph.NO, to Ph.NH, is 
varied) are both preheated and charged to 
the height of 200 mm. 

A circular iron disk etched with aqueous 
hydrochloric acid and washed with water is 
then placed in the axial position in a desired 
layer. 

A low agitation speed of 550 r.p.m. is used 
to prevent intermixing of the separated 
aqueous and oil layers. 

The reduction rate is expressed as the 
weight decrease of the disk, per unit surface 
area of the disk, per unit time. Fig. 6 
illustrates the mean curves obtained from 
various runs when the disk is rotated in oil 
or in aqueous layer. 

It is obvious from the figure that the 
overall rate of the reaction on the aqueous 
layer-iron interface is initially higher than 
that on the oil-iron interface, but there is 
no appreciable difference between the two in 
the final reduction stage. 
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Fig. 6. R vs. ® with the rotating disk. 

In the initial reduction stage, an interest- 
ing phenomenon is observed when the disk 
is rotated in the oil layer, especially when 
the nitrobenzene content is much higher than 
the aniline content. 

In this case, a hard black crust of Fe,O, 
covers the disk uniformly and the progress 
of the reaction is retarded. This would pro- 
bably be attributed to rapid oxidation of the 
surface oxide film of lower grade into a final 
form of ferroso-ferric oxide as a result of 
insufficient supply of water to the reaction 
interface due to low solubility of water into 
the nitrobenzene-rich oil layer. Such retar- 
dation due to crust formation is not observed 
in the water phase under the same condi- 
tions or in the final stage of the reduction. 

The surface of the smoothly oxidized iron 
disk is composed of three layers-a thin sur- 
face oxide layer of loose structure, a middle 
thin layer consisting of very fine silvery iron 
grains and a ground iron layer beneath it. 

These layers can easily be recognized by 
washing the disk with a gentle stream of 
water. 

The existence of the layer of fine iron 
crystal grains seems to suggest that the re- 
action of the ground iron surface is liable to 
proceed along the intergranular zone between 
iron crystal grains. 

In order to calculate R, the residual weight 
of the iron disk is weighed, for convenience, 
sake, after the oxide crusts or the fine iron 
grains are all removed. 


H;0 


10 Ph NHe 


Phase inversion 
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R given in Fig. 6 is therefore fairly over- 
estimated in comparison with the value ob- 
tained from the batch reduction with iron 
particles. 

e. Effect of Phase Inversion.—Fig. 7 il- 
lustrates the phase inversion caused by chang- 
ing the compositions of the three component 
liquid mixture, Ph. NO.-Ph. NH,-1N FeCl, 
aqueous, under the temperature of 100°C. If 
yY is larger than about four, the oil layer 
disperses into the aqueous layer to form 
stable droplets, when the reaction mixture 
is agitated. 

This 7-value roughly corresponds to the 
critical condition determining the mechanical 
properties of the oxide sludge obtained from 
the oxidation of iron particles. If 7 is larger 
than 4-5, an iron oxide sludge which has 
good filtering property is obtained, but even 
under the same condition, if the reaction 
does not proceed to completion, the iron 
oxide sludge has poor filtering property. 
Thus, the filtering properties of the oxide 
sludge seems to depend on the degree of 
completion of the reaction and the progress 
of the reaction seems to relate to the phase 
inversion. One probable explanation for this 
is that the volumetric ratio of oil to aqueous 
layer in the above case is much higher than 
that in the range where 7-value is lower 
than 4-5 (the equivolumetric point corres- 
ponds roughly to 7-value of 6-7) and that 
such phenomenon as crust formation on the 
iron particles retards the completion of the 
reaction. 

f) Some Considerations on the Reaction 
Zone.—As obovious from the above-mentioned 
experiments, the reaction rate seems to be 
controlled by an overall process going on 
over the iron surface, because the reaction 
rate is in proportion to the surface area 
of iron particles. As illustrated in Fig. 3, 
no appreciable influence of rotation speed of 
the agitator is observed, provided the iron 
particles are fully fluidized into the liquid 
bulk. 

If the rate of mass transfer between hetero- 
geneous liquid phases has some influences 
on the reaction rate under such fluidized 
state, the rate should vary with (rotation 
speed)*~° '?. Similarly, if the diffusion process 
of reactants through the liquid film formed 
on the surface of iron particles to the iron 
surface is the rate-determining step, the rate 
should vary with (rotation speed)’* ', 

12) A.W. Hixon and M.I. Smith, Ind. Eng. Chem., 
41, 973 (1949): S. Yagi, T. Miyauchi and K. Kogure, 
Chem. Eng. Japan, 15, 65 (1950). 

13) S. Nagata, Chem. Eng. Japan, 13, 41 (1948). 


The exponent, 0.8 is determined by extraporation of 
Nagata’s experimental correlation. 
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Thus, it seems to be reasonable to assume 
that the overall chemical (or may be physico- 
chemical) process on the iron surface is the 
rate-determining step. 

From the experimental results obtained 
with a rotating disk, it is also pointed out 
that the overall rate of the reaction on the 
water-iron interface is higher than the rate 
on the oil-iron interface in the initial stage 
of the reduction, but that there is no ap- 
preciable difference between the two in the 
final stage. 

V-2. Effect of Some Physico-chemical 
Factors.—a. Reaction Temperature.—Fig. 8 
illustrates the effect of varying reaction 
temperature under the following conditions 
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Fig. 8. ® vs. @ under various tempera- 
ture. 
r= 2.5 [Cl’]=0.84 n 
i7=10 r. p.m.=1100 


“ Size of iron particles=20-30 mesh. 


Plotting of R vs. 1/T is shown in Fig. 9 
under @ of 0.3, because, in this range of 9, 
the reaction proceeds, almost independent of 
the concentration of nitrocompound, that is, 
according to pseudo-zeroth-order. 






£ 

3 16 a 

> 7 

fe 25 26 27 28 29 30 32 
[1/7] 10% 


Fig. 9. BR va. 1/T (T in °K). 


Apparent activation energy calculated is 
3.66 < 10* cal./mol. which is unexpectedly small 
for the large exothermic reaction heat. 

The color of oxide sludge also changes 
with reaction temperature as follows: 


ee 60-67 75-84 85-95 100 


reddish reddish 
yellow brown black 


Color of oxide pale 
sludge yellow 
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b. Chlorine Iron Concentration.—According 
to Lyons and Smith (5), 0.98n of chlorine 
ion concentration (0.035g. of Cl’ as FeCl, 
per ml.) gave the best result. Fig. 10 il- 
lustrates an example of our experiments 
with varying chlorine ion concentration 
under the following conditions: 

B= 2.5 r. p.m.=1100 
rT=10 Reaction temp.=100°C 
Size of iron particles=30-50 mesh. 


It is observed that no appreciable improve- 
ment can be brought about if the chlorine 
ion concentration is greater than 0.8N and 
that a rapid decrease in the reaction rate 












6 [min.] 
Fig. 10. ® vs. @ under various chlorine 
ion concentrations. 


occurs for chlorine ion concentration when 
it is less than 0.8N. 

V-3. Standard Reaction Rate.—On the 
above mentioned studies is established, for 
convenience’ sake, a standard reaction rate 
at the boiling point of the reaction mixture 
under atomospheric pressure, the usual condi- 
tion industrially applied. This is because the 
rate is proportional only to the surface area 
of iron particles employed, provided 7 is 
larger than about 8 and [Cl’] is larger than 
0.8N. With experimental accuracy taken 
into consideration, the selected experimental 
condition will be, 


B= 2.5 [Cl’]=0. 86N 
r=10 Temp.=100°C 
r. p.m.=1100 


Size of iron particles=20-30 mesh. 


Plotting of @ vs. @ is illustrated as curve D 
in Fig. 12, and R, calculated by Eqs. (1) and 
(5) based on these data, is plotted in Fig. 11 
as a function of @. The reaction rate is 
traced up to @ of 10-‘, because aniline of 
this purity is usually employed both in in- 
dustry and commerce. The curve is charact- 
erized as follows: the initial induction period 
is followed by zeroth-order behavior up to 






















































200 Sakae YaGr, Terukatsu MIYAUCHI and Chia You YEH 





"Me 


min.] 
\ 








R [g-mol./em: 





~ . tn 
° het . 
Va aa. 
. fel 
iad re 
im 
7) 
Fig. 11. Typical R vs. @. 
® of 0.1, and then, in the final reaction 
stage, the slope of the reaction rate curve 


drops, roughly corresponding to that of the 
apparent first order reaction. These behaviors 
have also been confirmed experimentally with 
the continuous flow reactor. As mentioned 
above, this curve is employed to calculate 0 
in Eq. (6) and good agreement is obtained 
between calculated lines and experimental 
results as already illustrated in Fig. 4. 


VI. Preparation of Various Primary 
Amines 


The effects of surface area, chlorine ion 
concentration and molal ratio of water to 
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Fig. 12. Reduction rates of various mono- 


nitrocompounds #@=2.5, r=10~15, [Cl’] 
-0.84~0.88N, reduction temp.=100°C, 
r.p.m.=1100, size of iron particles=30 
~50 mesh (Curve D: 20~30 mesh). 
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nitrocompound are respectively examined 
using o-nitrotoluene. 

The results indicate that the reaction 
proceeds in a similar manner to those of 
nitrabenzene. 

Fig. 12 illustrates the reduction rates of 
various mononitrocompounds under the con- 
ditions given in the figure. The rate curve 
of p-nitroaniline is assumed because the 
reaction proceeds too fast for us to measure 
the rate accurately. 

Comparisons between the reaction rates 
of examined nitrocompounds by these curves 
lead us to conclude that there isa parallel 
relation between the overall reactivity and 
the mutual solubility of water and oil layers, 
although the latter is not yet accurately 
made clear. Moreover, there may be some 
influence of the chemical reactivity of each 
nitrocompound itself. More investigations 
are needed to solve these problems. 


VII. 


(1) As a fundamental approach to the 
continuous operation, the technical reaction 
rates of Bechamp’s reduction have been 
studied, and it has become clear that the 
continuous process is industrially feasible. 

(2) This reaction proceeds mainly accord- 
ing to the surface reaction mechanism on 
the iron surface, provided the iron particles 
are fully fluidized into the reaction mixture. 

(3) Under the standard reaction conditions, 
the reduction of nitrobenzene largely proceeds 
according to the zeroth-order behavior after 
the initial induction period and according to 
the first-order in the final stage. In the 
stage of the zeroth-order behavior, the reac- 
tion occurs mainly on the aqueous layer-iron 
interface, but in the final stage reaction 
proceeds simultaneously on both water-iron 
interface and oil-iron interface. 

(4) Y whose values are larger than 6-7 is 
suitable for smooth progress of the reaction. 

(5) Apparent activation energy of the 
reduction of nitrobenzene is determined as 
3. 66 x 10* cal./mol. in the zeroth-order range. 

(6) No appreciable difference in the reac- 
tion rate is observed when [Cl’] is 0. 8-2.7N, 
but rapid decrease in the reaction rate is 
obserbed when [Cl’] is smaller than 0.8N. 

(7) Various mono-nitrocompounds are also 
reduced under similar conditions. The reac- 
tion rate of each compound seems to have 
some parallel relationship with its own solu- 
bility in addition to its chemical reactivity. 


General Conclusions 


Chemical Engineering Laboratoty, Faculty 
of Engineering, The University 
of Tokyo, Tokyo 
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I. Theory of Dyeing 


Equilibrium and Half Dyeing Time of Direct Cotton Dyes on Viscose 
Rayon* 


By Masayuki NAKAGAKI 


(Received August 3, 1955) 


The rate of dyeing is subjected to the 
slow diffusion of dye into the fibre. Neale 
et. al. measured this rate under the condi- 
tion that the liquid yarn ratio is infinite. In 
this case, the outer surface of yarn spontane- 
ously adsorbs the dye corresponding to the 
dyeing equilibrium. At the same time, the 
slow diffusion begins to penetrate the yarn, 
but the dye concentration of the outer sur- 
face is constant, the dye diffused into the 
yarn being supplied at once from the bath. 
The rate determing process of dyeing is the 
slow diffusion into the inner part of a fibre. 
Meanwhile the slow diffusion is affected by 
the adsorption amount at the outer surface. 
To study the rate of dyeing, the dyeing 
equilibrium should be, therefore, known. As 
for the latter, Vickerstaff et al. studied it 
both theoretically and experimentally for the 
case of the liquid yarn ratio is assumed to 
be infinite. 

Boulton et al.” defined the “half dyeing 
time” to compare the rate of dyeing. That 
is the time required to absorb one half of 
the equilibrium amount. The experimental 
determination of the half dyeing time is done 
under a rather small liquid yarn ratio of 
40: 1, and the results are dependent on the 
equilibrium exhaustion ratio. The theoreti- 
cal justification on the half dyeing time has 
not yet been done. 


Theory of Dyeing Equilibrium in 
Finite Liquid Yarn Ratio 


In this paper, the dyeing equilibrium of 
direct cotton dye on viscose rayon is mainly 
studied. In this case, dye may be assumed 
to migrate into the capillary gap or miceller 
interspace. The volume of dye bath per lg. 
of yarn is assumed to be v(I./g.), and the 
volume of capillary gap per 1g. of yarn to 
be V(l./g.). The liquid yarn ratio v was 








* A part of this paper was presented before the Dis- 
cussion of Colloid Chemistry held by this Society at 
Nov. 1954. 

1) Vickerstaff, ‘‘ The Physical Chemistry of Dyeing’”’, 
2nd. rev. ed. (1954), p. 191-256. 

2) Jj. Boulton and B. Reading, J. Soc. Dyers and 
Colourists, 50, 381 (1934); J. Boulton, ibid., 54, 268 
1938); 60, 5 (1944). 


40 (cc./g.) in Boulton’s experiment, and usu- 
ally much more larger, that is, 
v—A40 x 10-3 (1./g.). (1) 
The volume of capillary gap is according to 
Marshall and Peters”, for viscose rayon, 
V=0. 27 x 10*~0. 46 x 10- (1./g.). (2) 
The dye molecule discussed here contains 
z Na atoms and dissociates in solution as 
follows: 

DNaz —— zNa*+D*- (3) 
where D*- is dye anion. In the dye bath, 
NaCl may be added. The concentration of 
dye ion, Na* ion and Cl~ ion is expressed as 
[D], [Nal], and [Cl] (mol./l.) for solution, and 
[D?], [Na?], and [Cl] for fibre phase, respec- 





_ tively. Assuming the absorption amount of 


dye per lg. of fibre as x(g./g. fibre), 
[D?]=x*/MV (4) 
where M is the molecular weight of dye. 
The standard chemical potentials of all ions 
are expressed as o(D), po(Na), po(Cl), po(D*), 
Hy(Na®), po(Cl?), and activity coefficients as 


fo f+, f-, f2, f2, and f?. Then the free 
energy of the total system, F, is 
F=v[D](D)+v[D]RT In fo[D] 
+v[Na]po(Na)+v[Na]RT In f.[Na] 
+v[Cl] (Cl) +e[Cl]RT In f_[Cl] 
+V[D?]o(D?)+V[D?] RT In f2[D2] 
+V[Na?]o(Na?)+V[Na?] RT In f2[Na?] 


+V[Cl?] o(Cl*) + VICl?] RT In f2[Cle}. (5 


As for the electrical interaction of fibre sur- 
face and dye ion, Gilbert and Rideal” intro- 
duced the electrical potential difference y at 
the surface, to explain the combination of 
protein and inorganic acid. But this is less 
important to discuss than the interaction of 
direct cotton dye with cellulose. Assuming 
that the change of electrical potential during 
the dyeing process may be rather small, it 
is included in the term yo, in this paper. 

3) W.J. Marshall and R.H. Peters, J. Soc. Dyers and 
Colourists, 63, 446 (1947). 


4) G.A. Gilbert and E.K. Rideal, Proc. Roy. Soc., 
A 182, 335 (1944). 
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Since the total amount of dye ion is cons- 
tant, 
vNo=v[D]+V[D?] (6) 
where WN, is the initial concentration of dye 
in the bath. Then, this gives, with Eq. (4), 
the formula to calculate the adsorption 
amount: 


x= MV[D?]=Mv(N.-—[D)). (7) 
From the constancy of Na and Cl, 

vNs+zvNo=v[Na]+V[Na?] (8) 
and vN,=v[Cl]+V[Cl?] (9) 


where JN, is the initial concentration of NaCl 
in the bath. From the condition of electrical 
neutrality for dye bath and for the fibre 
phase, 

z[D]+[Cl]=[Na] (10) 
and z[D?}]+[Cl?]=[Na?] (11) 
are obtained. 

With these equations and Eq. (5), the free 
energy may be expressed as a function of 
[Na] and [D]. Then, using the equilibrium 
condition that the partial differentiation of 
F by [Na] and [D] are respectively equal to 
zero, the dyeing equilibrium is formulated. 
Using the further assumption that 

po( Na?) — po( Na) = Sue(Na)=0 (12) 

peo( C1?) — poo(Cl) = Aye(Cl) = 0 (13) 
that is Nat and Cl~ do not have any especial 
affinity to the fibre, Donnan’s equation for 
membrane equilibrium : 

f.f-(Na][Cl] = f2f?{Nae[Cle] (14) 
is obtained from one of the equilibrium con- 
ditions 

IF /ANa]=0. (15) 

Nearly every theoretical study ever proposed 
is assuming Eq. (14) a priori. It should be, 
however, emphasized that this equation is 
correct merely when Nat and Cl have no 
affinity to the fibre. 

Then, from the other equilibrium condition 

OF /o[D]=0 (16) 
and Eq. (13) and Eq. (14), 
Ap(D) = po(D?) — peo(D) 


RT Inf folDKf.{Na]}* (17) 
Fee F21Nae]} 


is obtained. On the other hand, from Eqs. 
(11) and (14), 


[Na?] =(z/2)[D?]+ Vv (22/4)[DeP+[Na][Cl] 


(18) 
is obtained, if f=1. 
At the infinite liquid yarn ratio, 
[Na]=N;+zNo (19) 
and (CH=N,. (20) 
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Marshall and Peters” and Peters and Vicker- 
staff used these equations in Eq. (18) to 
calculate the value [Na?], and showed that 
Eq. (17) is supported by experimental data. 
Vickerstaff also showed that the equation 
of Willis, Warwicker, Standing and Urquhart® 
and that of Hanson, Neale and Stringfellow” 
are, respectively, derived as special cases of 
Eqs. (17) and (18). 

In the case of finite liquid yarn ratio, [Na] 
and [Cl] both depend on [Na?], so that Eqs. 
(19) and (20) can not be used. Using Eqs. 
(7)-(11) and (14), [Na] is strictly calculated 
as a function of [D?], N;, and No. Even 
when the liquid yarn ratio is finite, 


f=f2ft/frf->(V/o} (21) 
(V/v)No<fDe]=f%(v/V)\No—ID]) (22) 
and z[D?]/2>(V/v)N;/f? (23) 


are satisfied, referring to-Eqs. (1) and (2). 
Under these approximations, 
[Na?]=<(2/2)[D?] 

+ V (z2/4)[DeP+Ns(Nst+zNo)/f? (24) 
is obtained. This equation for finite liquid 
yarn ratio is coincident with Eq. (18), using 
Eqs. (19) and (20) for infinite ratio. Under 
the approximation of Eqs. (21)-(23), the value 
[Na] for finite liquid yarn ratio is, however, 

[Na]=Ns+zNo—(z2/2)(V/v)[D?] 

—(V/v)* (2/4)[DeP+Ns(Nst+zNo)/f? (25) 
which does not coincide with Eq. (19) for 
infinite ratio. 

In a special case where 


(z/2)[D?]>N;/f (26) 
Eq. (25) becomes 
[Na]J=:N;+2[D] (27) 


which also does not coincide with Eq. (19). 
from Eqs. (27), (7) and (8), 

[Na?]=<=z[D?] (28) 
is obtained. Let the egqilibrium adsorption 
amount be x. and the concentration of dye 
in the bath be N.., then under the condition 
of Eq. (26), 

— oe | 
log *..=a gee jx | 


A= log N ve) +z log (Ns -+- zN .) 


eae 0. 4343 Ap(D) ” (29) 
a +i RT log h 
+log MV——# 
og M e+ log z 


5) R.H. Peters and T. Vickerstaff, Proc. Roy. Soc., 
A192, 292 (1948). 

6) H.F. Willis, J.O. Warwicker, H.A. Standing and 
A.R. Urquhart, Trans. Faraday Soc., 41, 506 (1945). 

7) J. Hanson, S.M. Neale and W.A. Stringfellow, 
ibid., 31, 1718 (1935). 
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Benzopurpurine 4B (90°C) 
i (Boulton) 
Z=2 





log a 











er “I NH; 
_ N=N~ Y 
CO SU, 
$03Na SO3Na 
5 § 7 6 5) 
x 


Fig. 1. Absorption of Benzopurpurine 4B 
on viscose rayon yarn in finite liquid 
yarn ratio (by Boulton). 


is obtained. Fig. 1 shows the varification of 
Eq. (29). Plots in the figure are calculated 
by the present author from the Boulton’s 
data? for the dyeing of Cautould’s 150/27 
viscose rayon yarn by Benzoperpurine 4B in 
finite liquid yarn ratio (40: 1). The straight 
line in the figure is drawn so as to satisfy 
the theoretical inclination, 1/(z+1)=1/3. The 
agreement with the experimental value is 
good. From this straight line, 


a=0. 60 (30) 


is obtained. Assuming 


/ FF — 


h= (31 
\ fol f+)? , 

and, for viscose rayon”, 
V=0. 45 x 107 (1./g.) (32) 


the following is obtained: 
—4p(Benzoperpurine 4B) 
=6.4, kcal./mol. (at 90°C) (33) 


Hanson and Neale measured the dyeing 
equilibrium of the same Benzoperpurine 4B 
on viscose rayon (cellophane film, in this 
case), at infinite liquid yarn ratio. In this 
case, however, the ratio (NaCl/dye) was much 
greater than in the case of Boulton, so that 
the assumption (26) and Eq. (29) cannot be 
used. In this case, [Na] and [Na*] should be 
calculated from Eqs. (19) and (24), and inserted 
into Eq. (17). The latter may be rewritten 
as 

log [D*][Na®]*=8 +log [D][Na]* ) 
B=—0.43434p/RT—(z+1)logh ! 

under the assumption of 
f=1. (35) 


The result of calculation is shown in Fig. 2, 
where the straight line is drawn so as to 


(34) 


38 J. Hanson and S.M. Neale, Trans. Faraday Soc., 30, 
386 (1934). 
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Benzopurpurine 4B 
C101'C) 


log [D¢][Na¢?)* 





8 6 
log [D][Na]* 
Fig. 2. Dyeing equilibrium of Benzopur- 
purine 4B on cellophane in infinite liquid 
yarn ratio (by Hanson and Neale). 


P 10 


satisfy the theoretical gradient in Eq. (34). 
From this straight line, 


B=3.59 (36) 


is obtained. Using the second equations of 
(34) and Eq. (31), Eq. (36) is recalculated to 


— Ap(Benzoperpurine 4B) 
=6. 2 kcal./mol. (at 101°C) (37) 


which is in good agreement with Eq. (33). 
The dyeing equilibrium of Sky Blue FF 
(Chicago Blue 6B) on viscose rayon measured 
by Boulton” at finite liquid yarn ratio, and 
by Hanson and Neale’ and Marshall and 
Peters® at infinite liquid yarn ratio are plot- 
ted in Fig. 3. Eqs. (24), (25) are used for 


a 












Sky Blue FF 
> Boulton (90°C) 
x Marshall and 

Peters (90°C) 


6r ® Hanson and 
| Neale (101°C) 
< 


= 






z=4 


log [D¢][Na?] 





NHOH HCO OCH; OH Nie 
: AAN=N a+ 0-5 OO him 
2 el spars ~Y 
ed SON 
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log [D][Na}* 
Fig. 3. Dyeing equilibrium of Sky Blue 
FF on viscose rayon. 


finite liquid yarn ratio, and Eqs. (18), (19) 
and (20) are used for infinite ratio. V is 
assumed to be 0.45x10-*(1./g.). As shown 
in the figure, log [D?][Na®]* shows linear rela- 
tionship to log [D][Na]°, but the slope of the 
line is greater than the theoretical value, 
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unity, shown in Eq. (34). 
are: 


The straight lines 


log [D?][Na?]*=7. 92 
+1. 42 log [D][Na]* for 90°C (38) 

and _ log [De ][Na%]*=4. 97 
+1.24log[D][Na]* for 101°C. (39) 


It is noticeable that both data for infinite 
and finite liquid yarn ratio are on the same 
straight line of Eq. (38) for 90°C, as shown 
in Fig. 3. 

Marshall and Peters” attributed the devia- 
tion of the slope of the straight lines from 
the theoretical value to the aggregation of 
dye ions. They thought that the standard 
chemical potential 4yu(D) is dependent on the 
concentration, assuming the activity coeffi- 
cients always equal to unity. This is, however, 
not correct, since the activity coefficients 
largely deviate from unity when the aggre- 
gation sets up. While, the standard chemical 
potential of adsorption may be assumed un- 
changed, considering that the adsorbed dye 
is in equilibrium with monomolecularly dispers- 
ed dye, and that the effective concentration of 
the latter should be properly expressed using 
the activity coefficient. Details of the con- 
centration dependence of the activity coeffi- 
cient of dye is not known, yet but it is 
known for soaps. Svap belongs to the same 
colloidal electrolyte as dye. Curves such as 
in Fig. 4 are obtained for the osmotic coeffi- 
cient, g. If the concentration C is smaller 





ve 
Schematic explanation of osmotic 


Fig. 4. 
coefficient-concentration 
micelle colloids. 


relation for 


than C., the activity coefficient of soap fol- 
lows the Debye-Hiickel equation, and is nearly 
equal to unity. C. is the critical micelle 
concentration. When the concentration is 
greater than C., the micelle is formed and 
the osmotic coefficient decreases rapidly. 
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When the concentration is greater than C,, 
the osmotic coefficient becomes constant, or 
increases gradually. Data on some soaps are 
shown in Fig. 5”, where log g-logC relation 


CMC CMC CMC 





\ 


So 4 
So K-Oleate 
So 1 \ 











I 0 


4 3 3 
log C 


Fig. 5. log g-log C relation for some soap 
solutions. 


is nearly linear at the concentration range 
from C. to Ct. 
The osmotic coefficient g is nearly equal 


to the mean activity coefficient, f, 
1 


fafri) i! (40) 


In the case of dye shown in Eq. (3), the mean 
activity coefficient is written as 


1 
f=(Cp-f-*) **! (41) 
Then, it is assumed that the activity coeffi- 
cient of dye may be assumed to be the same 
as that of soap, that is: 


1 (C<C-) 
f= (C/C)™ (C.<C<Cr) (42) 
fe (C+<C) 


where ft is a constant. It is generally ac- 
cepted that the micelle is seldom formed at 
90°C or so, and the micelle forming tendency 
of dye is not so conspicuous as that of soap. 
Then, 

fai. (43) 
On the other hand, the concentration of dye 
in fibre phase, [D?], is usually 50-2000 times 
greater than that in solution, [D]. Therefore, 
it may correspond to the case of C>C:, so 


1 

FO=(fh- (POP HT= fe (44) 
and h=f/f=f.=const. (45) 
Then the slope of the linear relation in 
log [D?]|Na?]*~log [D][Na]’ diagram is equal 
to the theoretical value, unity, but the value 
of 4D) cannot be obtained without knowing 
the value of f:, Benzoperpurine 4B (Fig. 1 
and 2) will be the case, and the values of 
4(D) of Egs. (33) and (37) are apparent values. 


9) J.W. Mc Bain, ‘‘ Colloid Science ’’ (1950), p. 245- 
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On the other hand, Sky Blue FF has 4 
sulphonic groups and it may be more difficult 
for it to form micelle than Benzoperpurine 
4B having 2 sulphonic groups. Then, the 
concentration of Sky Blue FF in fibre phase 
may correspond to the concentration range 
of C-<C<C;:. Then, 

h=(C./C?)™ (46) 


where C. is a constant and C¢? is 


1 
C={[De][Nav}}**' . (47) 
Eq. (34) should be rewritten as 
log [De][Nae} =7+( i )log [D][NaF 


_ 0.4343 RT _ m 
ee = — (z+1)logC.. (48) 


To satisfy the observed relations, Eqs. (38) 
and (39), the following values 


_— 0.30 for 90°C 
~ (0.19 for 101°C 


should be adopted. For soap solutions, m= 
(.6-0.8 is obtained from Fig. 5, while the 
value for dye may be smaller than these 
values, since dye forms micelle with more 
difficulty. Therefore, the values cited in Eq. 
(49) are acceptable. 


T= 


(49) 


Theory on the Rate of Dyeing 


The rate of dyeing of Benzoperpurine 4B 
and Sky Blue FF on viscose rayon yarn 
(Coutauld’s 150/27) was measured by Boul- 
ton?’ at 90°C using purified dyes. The liquid 
yarn ratio was 40. The exhaustion ratio E 
was measured as a function of time ¢ (min.). 
The exhaustion ratio was defined by 

E=(Co—C)/Co=(No—N)/No (50) 
where Co (g./l.) or No(mol./l.) is the initial 
dye concentration and C or WN is the dye 
concentration after ¢ (imin.) The exhaustion 
ratio after sixteen hours was assumed as 
the equilibrium exhaustion ratio, E.., and the 
time required to reach E=E../2 is named as 
half dyeing time, 7. The half dyeing time 
was measured by Boulton for many dyes but 
theoretical treatment was not tried. 

To find a simple empirical relationship, 
the ratio of adsorption amount &, that is 


E=E/E.=2/%0 (51) 
is plotted against the ratio of time to the 
half dyeing time, that is, 

t=t/T. (52) 
In Fig. 6, &-t relationship from Boulton’s data 


is shown. For the dyeing of Benzoperpurine 
4B on viscose rayon, dye concentration varied 
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log t 
Fig. 6. €-r relationship. 


0. 02-2.6 millimole, NaCl concentration 1. 1- 
40 millimole, and equilibrium adsorption 
amount 4. 2-25 mg./g. yarn, and for Sky Blue 
FF on the same yarn, dye concentration 
varied 0. 005-0. 14 millimole/l., NaCl concen- 
tration 4-43 millimole/l., and equilibrium ad- 
sorption amount 0.2-7.4mg./g. yarn. All 
plots fall on a single curve, irrespective of 
the sorts of dyes and the dyeing conditions 
were very widely different. The simple 
empirical equations obtained are, 
E=3Vr for t<1 (53) 
and &/(1—&)=rt for t>1 (54) 
Then, suppose that fibre has many capil- 
lary gaps and the total volume of them is 
V (l./g. yarn). The shape of the gap is 
assumed for the simplicity as a capillary of 
uniform diameter. At the opening of the 
capillary, the dyeing equilibrium is imme- 
diately established, and the dye diffused into 
the inner part of the capillary is readily 
supplied from the dye bath, so that the con- 


centration at the opening N® (mol./l.) is a 
function of the dye bath composition only. 
At the initial stage of the diffusion, N? is 
approximately constant, and the depth of the 
penetration of dye is smaller than the depth 
of the capillary, L. Then, the equation of 
Fiirth ' is used: 

y?/t=D/PQq) 

q=N?/Ne 


where the concentration of dye ion at the 
distance y (cm.) from the opening is N? and 
diffusion coefficient is D, and time is ¢. g(q) 
is the function of g only and 


(55) 


10) R. Fiirth, Phys. Z., 26, 719 (1925); Kolloid-Z., 
41, 300 (1927). 
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1/q=1——7_(" "eat (56) 


Using these, the concentration gradient at 
time ¢ and location y becomes, 

7" Ne is 
hl a a a (57) 
dy VzrVDVt 

Then, using the relation'” that, 
when y—0, and therefore g—1, 


then g— oc (58) 
the concentration gradient at the opening is 
t N? 

(4 *) = — 1 wal (59) 
dy /o Vr VD Vt - 
The rate of dyeing dx/dt is, 
dx __ DAM (Se?) 
dt 1000 \ dy /o 


Vp MN? 
Soll ren SE (60) 
Vz 1000 V¢ 


where A is the sum of the cross section of 
capillary (cm?/g. yarn) and adsorption amout 
x is expressed in g. dye/g. yarn, and the 
factor 1000 is used to rewrite the N® in 
mol./l. to mol./cc. 
At the initial stage of diffusion, N?=cons- 
tant, so that 
2AVDMN? , 
x= —_ Vt (61) 
1000 V z 


is obtained. Then the definition of the half 
dyeing time, 


L=Ke0/2 when ¢=T (62) 
is used with Eq. (61) and 
&=x/x..=4Vt where t=t/T (63) 


is obtained. This is equal to Eq. (53). Then, 
N?=x:/MV (64) 


where x; is the equilibrium adsorption amount 
(g./g.) when an infinitesimal amount of fibre 
(that means the surface only of the fibre) is 
dipped into the dye bath, whose composition 
is that at time ¢. Moreover, V (I./g.) is 

V=ALx10-. (65) 
Using these equations, the half dyeing time 
is, 


T= 7’ —& 
16D 2 
Q=x../Xe (66) 
At the infinite liquid yarn ratio, 
Xe Xx (67) 


11) M. Nakagaki, Bull. Chem. Soc. Japan, 23, 104 
(1950). 
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so that the value of Q is equal to unity, 
and from Eq. (66), 

T =0.197 L?/D (68) 
is obtained. On the other hand, Neale, 
Stringfellow, Hanson, Andrew and Johnston’ 
used the equation by Hill'” 


_ 22D , _ 9n2D 
&=1-— 4 je + ; " iad 
: (69) 
+: 25n2D | 
> 4b? 
+ 25 é pe ae f 


where 6 is a half of the thickness of a cel- 
lophane film. The relation between & and 
Dt/b? calculated from Eq. (69) is shown in 
the first two columns of Table I. Since the 
time at which &=0.5 is the half dyeing time, 
T, so from Table I, 

DT /b? =0.197 
that is 

T =0.197 b?/D (70) 
is obtained. If it is assumed that the value 
of ZL corresponds to 6, Eq. (70) is equal to 
Eq. (68). Then,(Dt/b?) is recalculated to 7, 
by the equation 


sr. Ge 

c= t/T = 9197 & 
as shown in the third column of Table I, and 
— is calculated by Eq. (63), as shown in the 
fourth column of the table. The results are 
in good agreement with that by Hill, as far 
as £<0.7. Therefore, the complicated Hill’s 
equation is replaced by a simpler equation 
(63) without any loss of accuracy as far as 
£<0.7. 


(71) 


TABLE I 


rt ~ 

Dt/b? Eq. (69) Eq. (71) Eq. (63) 
0. 0085 0.1 0. 0432 0.104 
0.0315 0.2 0. 160 0. 200 
0. 049 0. 25 0. 249 0. 250 
0. 0725 0.3 0. 369 0. 303 
0.125 0.4 0. 635 0. 398 
0.197 0.5 1. 000 0.500 
0. 286 0.6 1. 452 0. 602 
0. 404 0.7 2.05 0. 715 
0. 472 0.75 2.40 (0. 775) 
0.570 0.8 2.90 (0. 850) 
0.843 0.9 4. 28 (1.03) 
1.13 0. 949 5.74 os 
1.35 0.971 6.85 “ 
1. 80 0. 990 9.13 — 
2. 25 0. 997 11.42 _ 


12) S.M. Neale and W.A. Strigngfellow, Trans. Fara 
day Soc., 29, 1167 (1933): J. Hanson and S.M. Neale, 
ibid., 30, 386 (1934); D.H. Andrew and J. Johnston, /- 
Am. Chem. Soc., 46, 640 (1924). 

13) A.V. Hill, Proc. Roy. Soc., B104, 39 (1928). 


No. 1 
nity, 


(68) 
eale, 
on!2 


(69) 


(70) 
ilue 
l to 
>t 


(71) 


and 
the 
are 
far 
iIl’s 
ion 

as 


January, 1956] 


At the finite liquid yarn ratio, Q is not 
equal to unity. When the equilibrium ex- 
hausion is greater, and equilibrium dye bath 
concentration is smaller, then, x. becomes 
smaller and Q becomes smaller. Therefore, 
T becomes smaller when the E.. is greater, 
as shown by Boulton. As shown before, the 
dyeing equilibrium of Benzoperpurine 4B on 
viscose rayon yarn is expressed by Eq. (29). 
The dye concentration of dye bath N should 
be used in place of N., for x. Then, re- 
placing N and N. by E and E,. using Eq. 
(50), 


Q=* 


Xe 


1 


(1—E..)**' 5 +2-2E..)** 


1 

sat Ne 
is obtained. At the initial stage of dyeing, 
E is nearly equal to zero, so the value of 


Q is 


(72) 
on 
+2—2E }*" 


Q=(1-E..)**"( Ns +2-2E..)""/ 
figs. Nar (73 
_ se 
The relation between Boulton’s half dyeing 
time and the Q value, calculated from Eq. 
(73), is shown in Fig. 7. As a rough ap- 
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Fig. 7. T-Q? relation for benzopurpurine 
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proximation T is proportional to Q?, though 
the plot for T=24.9min. deviates from the 
linearity. The results of Hanson and Neale”? 
showed that the apparent diffusion coefficient 
becomes smaller when the salt concentration 
is smaller. The case of T7=24.9 corresponds 
to this case, so that the deviation from the 
linearity will be explained from the decrease 
of apparent diffusion coefficient, which is 
often attributed to the variation of the sur- 
face potential at the fibre-water interface. 
From the inclination of the straight line in 
Fig. 7, 
L?/16D =16.6 (min.) (74) 
is obtained. As already said about Eq. (70), 
ZL should be approximately equal to the 
radius of the single fibre. The latter is 
v=1.1x10- cm. (75) 
for 150/27 yarn, (a single yarn is 5.5 deniers), 
assuming that the density of fibre is about 
1.5. Using this value in LZ of Eq. (74), dif- 
fusion coefficient is, 
D=1.4x10- (cm?/min.) (76) 
This is approximately equal to the value by 
Hanson and Neale’. 


Summary 


The theory of dyeing equilibrium is treated 
generally. On the way of derivation, it is 
emphasized that the Donnan’s equation, 


ff (Nal (Cl]=f2f? [Na*} [Cl?] 


is correct only when Na* and Cl~ have no 
affinity to the fibre. An equation expressing 
dyeing equilibrium is obtained for finite liquid 
yarn ratio, and compared to the equation by 
Vickerstaff for infinite liquid yarn ratio. 
Moreover, data for both finite and infinite 
liquid yarn ratio could be plotted on the 
same straight line according to the newly 
derived equation. The deviation of the in- 
clination of the straight line from the theo- 
retical value is attributed to the deviation 
of the activity coefficient from unity. The 
latter was assumed as analogous to that of 
soap, and a reasonable conclusion could be 
obtained. 

On the theory of dyeing rate, all data from 
widely differert dyeing conditions are 
brought into a simple relation 


£/Xoa= ; Vt/T when ¢<T 


using the half dyeing time 7 proposed by 
Boulton. This equation was justified theo- 
retically, and it was shown that Hill’s com- 
plicated equation is replaced by this simple 
equation, without loss of accuracy, as far as 
x/x%.<0.7. Then, Boulton’s relation, that 
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the half dyeing time becomes longer when 
the equilibrium exhaustion ratio is smaller, 
is justified theoretically. The apparent dif- 
fusion coefficient in fibre agrees with that 
of Hanson and Neale. 


The author wishes to express his hearty 
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thanks to Dr. Hachiro Hiyama for his kind 
guidance and encouragement. 


Faculty of Living Science, 
Osaka City University, 
Osaka 
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On the Crystal Structure of 2,3-Dichloro-2, 
3-dimethylbutane 


By Tsutomu Opa and Tsutomu KomeE 
(Received July 25, 1955) 


Hexachloroethane and hexamethylethane 
are characterized by relatively high melting 
points, 185°C and 100.6°C respectively, by poly- 
morphism in the solid state, the transition 
points being 43°C and 71°C for haxachloro- 
ethane” and —125°C for hexamethylethane”’, 
and by high symmetrys of the high tempe- 
rature modification as shown by optical iso- 
tropy and confirmed by X-ray _ studies**. 
Recently, it has been reported” that hexa- 
bromoethane is also isotrimorphous' with 
hexachloroethane. In order to examine what 
occurs in the high temperature modifications 
by symmetrical replacement of methyl group 
pair or pairs by Cl pair or pairs (resulting 
in substances such as (CH;)sCICCCI(CH;)2 and 
(CH;)Cl,CCCl,.(CH;)), we have carried out an 
X-ray diffraction study of 2, 3-dichloro-2, 3- 
dimethylbutane crystal, which has been also 
reported to have relatively high melting 
point, 161°C, in a sealed tube™. 

This compound was perpared by treating” 
pinacol with phosphorus trichloride and was 
subjected to sublimation under about 30mm 
Hg. The solid is very volatile and plastic, its 
vapour having a camphoric odour. A melt- 
ing point of 158°C was observed in a sealed 
tube. The crystals were found to be optically 
isotropic at room temperatures. Using Cu 
K, radiation and samples in_ thin-walled 
capillary tubes, we prepared X-ray powder 
photographs, in which seven lines appeared. 
The reflections were indexed with a body- 
centered cubic lattice, the edge length being 
7.58 A. By suspension in an aqueous solution 
of sodium chloride, the density of the solid 
was measured as 1.14g./cc. at 30°C. Hence, 


it was found that the unit cell contains two 
molecules, yielding the calculated density of 
1.18 g./cc. Since the lattice is body-centered 
and the unit contains two molecules, we may 
place the two centers of them at the lattice 
points 000 and 444, of which the symmetry 
should be at least J-23. On the other hand, 
as the symmetry of the rigid molecule of 
(CH;)zCICCCI(CH;)2 can be at highest Ca.» 
—2/m™, it becomes necessary to consider 
some statistical explanation of the structure, 
as is always the case in plastic crystals***®, 
In order that the statistical symmetry of the 
molecule be higher than T-23 at 000 and 
334, the molecule of the symmetry C.,—2/m 
should orientate its axis C-C parallel to one 
of the four body-diagonals statistically equal- 
ly, and at the same time with its two-fold 
axis oriented parallel to one of the three 
similar azimuthal directions also equally so 
that the axis C-C acquires three-fold sym- 
metry statistically. Such statistical high 
symmetry is similarly gained with a model 
of molecule of the “ gauche” form”, the other 
rotational isomer having the symmetry C,—2, 
or with another model of molecule which 
is in free rotation about the C-C axis. 
Which one is the case of the present statis- 
tical structure seems, almost entirely undis- 
criminable from the presents intensity data, 
since the lines are so few as mentioned above. 
However, it may be said that this structure 
is statistically isomorphous with cubic hexa- 
methylethane at room temperatures and 
hexachloroethane above 71°C. The edge 
length of 7.58 A is between those® of 7.69A 
and 7.43 A for C.(CH;),; and C.Cl, at 80°C 
respectively. In the diffraction of X-rays by 
the present crystal, we have observed, simi- 
larly to the hexa-substituted ethanes stated 
above, a very rapid decrease of intensity 
with increasing angles of scattering, which 
is evidently in close relationship with the 
disordered orientation of the molecule in 
intense thermal motion. 
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It will be expected that such a “ rotational” 
mode of the molecules in the crystal will 
change at lower temperatures. We have 
undertaken a differential thermal analysis, 
and observed, on its heating curve from low 
temperatures, anomalous heat effect at about 
—112°C. Therefore, X-ray studies of single 
crystals of the probably ordered phase below 
the transition point must await techniques 
for the growth of single crystals below the 
temperature. 

In conclusion, we should express our hearty 
appreciation to Professor I. Nitta, Professor 
T. Watanabé and Dr. S. Seki, Faculty of 
Science, Osaka University, for their gracious 
interest during the work. We also wish to 
thank Mr. H. Suga for his kind aid. The 
cost of this research was defrayed from the 
Scientific Research Grant from the Ministry 
of Education, to which our thanks are due. 


Chemical Laboratory, Osaka University 
of Liberal Arts and Education, 
Tennoji, Osaka 
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On the Phenolic Hydroxyl Group of Ligno- 
sulfonic Acid and the Existence of Carboxyl 
Group in Lignosulfonic Acid 


By Hiroshi Mrxawa, Koichiro Sato, 
Chizuko Takasaki and Kiyo Episawa 


(Received August 26, 1955) 


The amount of the phenolic hydroxyl group 
of lignin in situ was estimated from the 
difference of the phenolic hydroxyl group 
content of the lignothioglycolic acid prepared 
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from untreated wood and methylated wood. 
The amount was found to be about one OH* 
per 5.3 CH;0. Wood powder sulfonated at 
neutral pH contains lignosulfonic acid, called 
solid lignosulfonic acid, which has sulfonic 
acid group only at X and Z groups of lignin”. 
The phenolic hydroxyl group content of the 
soild lignosulfonic acid was also measured 
in the same way with the wood power 
sulfonated at neutral pH, and was found to 
be the same as that of the lignin in situ. It 
was, therefore, found that the sulfonation 
of lignin at neutral pH causes no increase 
of the phenolic hydroxyl group of lignin. The 
“low sulfonated lignosulfonic acid” prepared 
from the sulfonated wood by Kullgren pro- 
cess was also found to have nearly the same 
amount of the phenolic hydroxyl group as 
the lignin in situ. The phenolic hydroxyl 
group of the low sulfonated lignosulfonic 
acid is, therefore, the one already present in 
the lignin in situ. The amount of the 
phenolic hydroxyl group of these lignin 
preparations was estimated spectroscopically 
according to the method of Aulin-Erdtman”. 

The nature of the conductometrically ob- 
served weakly acidic group of a-lignosulfonic 
acid was not definitely known, being thought 


-to be phenolic or carboxylic in nature». It 


was reported recently® that this group con- 
sisted of nearly equal amounts of carboxyl 
and phenolic hydroxyl groups. It was also 
reported, that only about 30 % of the total 
phenolic hydroxyl group of a-lignosulfonic 
acid, was ionized before the second “ break”, 
i.e. conductometrically titratable, the remain- 
ing 70 % being too weak to be titrated. From 
the following experimental findings it was 
concluded that the former conductometrically 
titratable group is of simple guaiacol (type I) 
and the latter untitrable one is of type II. 


-c—c—c we )cH- H-CH 
! 
n> wo) CH30 0 CsH2 
CH,0 CH,0 CH;0 
type I type I (2) 


Conductometric titrations of many model 
compounds showed that the phenolic hydroxyl 
group of type I was without exception ti- 
tratable. For example, phenolic hydroxyl 
group of vanillyl sulphonic acid and one of 
the phenolic hydroxyl groups of compound (1), 
which belongs to type I were titratable (cf. 
Fig.), while the other belonging to type II 
was not. As the existence of these two types 
of phenolic hydroxyl groups in lignosulfonic 
acid is quite probable, it may reasonably be 
concluded that the conductometrically un- 
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Fig. 1. 
I conductometric titration, III potentio- 
metric titration, II percentage of the 
ionized phenolic hydroxyl groups of the 
compound. 


titratable phenolic hydroxyl group of ligno- 
sulfonic acid belongs to type II. 

Coductometric titration of the so-called 
low sulfonated lignosulfonic acid revealed 
that the ratio of the phenolic hydroxyl groups 
of type I and II was about 1: 1. As stated 
previously the phenolic hydroxyl group of 
this acid is the same as that of the lignin 
originally present in wood. For this reason 
the phenolic hydroxyl group of lignin in 
wood may contain these two types in ap- 
proximately equal amounts. The content of 
type I is higher in heach a-lignosulphonic 
acid than in spruce a-acid, the ratio of type 
I and II being about 1: 1. 


Synthesis of sulfonic acid (1) 


Dihydro-dehydrodiisoeugenol (2) (4.7 g.) was dis- 
solved in 50 ml. of 50 % aqueous alcohol containing 
NaOH (0.85g.) and SOzg (2.5g.), kept at 140° for 
twenty hours. The sulfonic acid(1) was separated as 
benzylthiuroniumsalt. Repeated recrystallization 
raised the m.p. to 136-138°, 0.8g. After being 
kept at 80° in vacuo with P.O; for two days the 
m.p. was 145-147". 

Anal. Found: C, 58.43; H, 6.17; N, 4.98; CH;0O, 
11.6. Calcd. for CssHzg,07N2S2 (benzylthiuronium 
salt of (1)): C, 58.3; H, 6.24; N, 4.86; CH;0, 10.75 
Jo 
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Since cyclohexanoxime C;H,»>NOH is pe- 
culiar in that it dissolves readily not only in 
polar but also in non-polar solvents, and its 
molecular weight estimates in solution sug- 
gest that more than two molecules are as- 
sociated, this substance in crystalline state 
was put under X-ray study. It was found 
that the crystal belongs to the hexagonal 
system with a=12.18, c=8.10 A, and space 


group C;-P6.,, the number of chemical units 


in the unit cell being six. 

Projection of structure on (0001) was ob- 
tained as usual using Patterson Projection 
and trial-and error methods. It is evident 
from this projection that three molecules of 
cyclohexanoxime associate to form a trimeric 
molecule through three OH...N hydrogen 
bonds of the length about 2.75 A around the 
threefold axis, and that such trimeric mol- 
ecules arrange themselves in a hexagonal 
closepacked structure (Fig. 1). These results 
might well be compared with those of the 
structure of acetoxime as analysed by Bier- 
lein and Lingafelter. Anomalies in the mole- 
cular weight in solution will thus be ac- 
counted for by the existence of the trimeric 
form in solution. 

It is quite remarkable that, while the (hi 0)- 
reflexions are regular, the general (hki/)-re- 
flexions with non-zero 7 show diffuse scat- 
tering which corresponds to non-integral h 
and k& values, / being strictly limited to in- 
tegral numbers. Such diffuse scattering is 
undoubtedly due to some disordering in the 
packing of molecules in the crystal. In order 
to explain such anomaly there are many possi- 
ble ways, which it is difficult to deal with 
rigorously case by case. However, in view 
of chemical and structural considerations, 
the following explanation seems to be quite 
reasonable and probable. 

On the assumption of the more stable 
chair-form configuration of the ring, the 
cyclohexanoxime molecules can be expected 
to exist in the enantiomorphic forms as shown 
in Fig. 2. They are equally stable and are 
supposed to be in solution in equal numbers. 
Let us call one “A” and the other “B”. 
In forming the trimers, four types of combi- 
nation are conceivable: AAA, BBB, ABA 


Jant 


0. 1 January, 1956] SHORT COMMUNICATIONS 211 


clo- 


pe- 
in 
its 
ug- 
as- 
ate 
ind 
nal 
ace 


its 








at- (2 Cg Cy Ce 
Lh 
wll C; C; 
is 
he 
ler x - 


si- 
40 ~~ n0~ 


2W A B 
ns, 

ite Fig. 2 

re and ABB. These four types can be ar- should be always surrounded by the same 
he ranged in the crystal with the same atomic kind of molecule, A or B. Such a condition 
ed r- and y- coordinates, but with partly dif- can be fulfilled with the four types of tri- 
vn ferent z-values, so that the (hki0)-reflexions mers in many ways resulting in the two- 
re are unaffected and regular, the projection dimensionally random distribution of the 6;- 
rs. of the structure on (0001) being the same. (A) and 6;-(B)-axes. One example of how 
Further it seems to be required, from the such a structure can be reallized is illus- 
Di consideration of the steric hindrance between’ trated by Fig. 3. Thus the situation very 
A adjacent cyclohexane rings, that each 6;-axis well explains the characteristics mentioned 
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before « > diffuse scatteri served i . 
of the diffuse scattering observed in a a 


Science, Osaka University, Osaka 


this crystal, because the crystal should have 
a quite constant repetition period in the z- — 
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